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Abstract
Carbohydrates are an important source of renewable materials which can be
converted into high added-value products. Sugar transformations should ideally
be carried out with recyclable catalysts, in water, with the highest possible
selectivity in the desired product. The aim of the present work was to explore
the microstructural properties of the heterogeneous catalysts needed to carry
out selectively lactose oxidation into lactobionic acid and lactose hydrogenation
into lactitol. The first part consisted in the investigation of the influence of two
functionalized supports (γ-Al2O3 and Cxerogel) modified by metallic precursor
grafting and activation on the catalytic performances in lactose oxidation. The
oxygenated functions were shown to be detrimental. This was confirmed by the
results obtained with an inert support, boron nitride, which can be a promising
alternative support, ensuring high selectivity. Subsequently, the optimal range of
particle size within Pd/h-BN catalysts for h...
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“Some people make things happen. Some watch things happen while others 
wonder what has happened”  
       Caroll Bryant 
 
“Success is not final, failure is not fatal: it is the courage to continue that 
counts”  
Winston Churchill 
 
“A pessimist sees the difficulty in every opportunity; an optimist sees the 
opportunity in every difficulty” 
Winston Churchill 
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SUMMARY 
 
 
Carbohydrates are an important source of renewable materials widely 
available and they can be converted into high added value products. Sugar 
transformations should be ideally carried out catalytically in water, with the highest 
selectivity in the desired product and the catalysts should be reusable and recyclable. 
In this work, we will focus our attention on one sugar: lactose. This disaccharide is 
particularly interesting because it can be transformed into valuable pharmaceutical 
products and functional food ingredients.  
 
 This study aims to explore the structural properties of the heterogeneous 
catalysts needed to carry out lactose oxidation into lactobionic acid and lactose 
hydrogenation into lactitol. The main emphasis is on the former reaction. The nature 
of the support and active phase metallic precursor is varied and several preparation 
methods are implemented to obtain catalysts presenting varying structural 
characteristics. To establish structure-activity relationships for noble metals 
supported catalysts in lactose oxidation and hydrogenation, the catalysts are 
characterized by a combination of XPS, XRD, SEM, TEM and CO chemisorption.  
The first part consisted in the investigation of the influence of two supports and 
their functionalization followed by metallic precursor grafting or anchoring on the 
catalytic performances in lactose oxidation. The first step was to modify the 
supports, γ-Al2O3 and Cxerogel, by either adding oxygenated functions or adding a 
spacer arm on the support. These functions were then used as anchoring sites for 
grafting of palladium complexes. A formal proof of the grafting could be obtained: 
the Pd precursor exchanged one of its ligands with a function on the surface without 
changing its oxidation state (PdII). It appeared that the activity and selectivity of the 
catalysts prepared on unmodified supports were always higher than for the catalysts 
prepared by grafting or anchoring on modified supports. 
Then, the use of a very inert support for catalysts in lactose oxidation was 
investigated: boron nitride. It was shown that it is a promising alternative support to 
 replace alumina and carbon by avoiding internal diffusion limitations and ensuring 
high selectivity. Afterwards, the optimal range of particle size and Pd dispersion 
within Pd/h-BN catalysts for high activity and selectivity in lactose oxidation has 
been investigated. The metallic particles on the support have to present a size 
distribution comprised between 3 and 15 nm with no particles inferior to 3 nm 
because these were shown to have a negative influence on the activity.  
 
 To end the oxidation of lactose study, the effectiveness of gold supported on 
boron nitride was evaluated. In addition, h-BN was compared to α-Al2O3, γ-Al2O3 
and carbon black as supports. It was shown that Au/h-BN and Au/α-Al2O3 exhibited 
spectacular performances. After a 2nd run, Au/h-BN and Au/α-Al2O3 catalysts were 
still able to conduct the reaction with 100 % selectivity. However, a loss of activity 
was observed and is attributable to surface poisoning. After thermal regeneration, 
the catalyst supported on boron nitride presented the highest activity. This could be 
explained by the presence of oxygenated functions on α-Al2O3 which stabilize 
surface poisons and might hinder cleaning during regeneration by opposition to h-
BN. 
 
 Lactose hydrogenation was finally investigated with Pd/h-BN catalysts, which 
were found to be able to carry out both oxidation and hydrogenation. The activity 
and selectivity in lactitol were influenced by the particle shape and size on the 
surface of the support. The particles inferior to 3 nm were also undesired in this 
reaction and the particle shape has to be triangular pyramid to have active and 
selective catalysts. Indeed, this allows H2 adsorption on the edge of the triangle and 
sugar adsorption on the flat surfaces facilitating the overall reaction. Ru/h-BN were 
more active for this reaction but the selectivity in lactitol was poor and Ru leaching 
was observed.  
 
 
RÉSUMÉ 
 
 
  Les hydrates de carbone représentent une des plus importantes sources de 
matériaux renouvelables et peuvent être convertis en produits à haute valeur ajoutée. 
Les transformations de sucres devraient idéalement être réalisées dans l’eau, avec la 
plus grande sélectivité possible envers le produit désiré et avec des catalyseurs 
réutilisables et recyclables. Dans ce travail, l’étude portera principalement sur un 
sucre : le lactose. Ce dissacharide est particulièrement intéressant car il peut être 
transformé en produits utilisés dans le domaine pharmaceutique et dans l’industrie 
agro-alimentaire.  
 
 L’objectif principal est d’explorer les propriétés structurales des catalyseurs 
hétérogènes nécessaires pour l’oxydation sélective du lactose en acide lactobionique 
et l’hydrogénation sélective du lactose en lactitol. L’accent sera mis principalement 
sur l’oxydation. La nature du support et de la phase métallique seront variées et 
plusieurs méthodes de préparation seront mises en œuvre afin d’obtenir une large 
gamme de catalyseurs aux caractéristiques structurales variées. Les catalyseurs 
seront caractérisés par XPS, DRX, SEM, TEM et chimisorption du CO afin d’établir 
des liens entre la structure des catalyseurs à base de métaux nobles et l’activité de 
ceux-ci dans les deux réactions considérées.  
 
 La première partie consiste en l’étude approfondie de l’influence de deux 
supports et de leur fonctionnalisation suivie du greffage ou de l’ancrage de 
précurseurs métalliques sur les performances catalytiques en oxydation du lactose. 
La première étape consistait en la modification des supports γ-Al2O3 and Cxerogel par 
ajout de fonctions oxygénées ou de bras espaceurs sur le support. Ces fonctions ont 
ensuite été utilisées en tant que sites d’ancrage pour le greffage de complexes de Pd. 
Une preuve formelle que le greffage a eu lieu a pu être mise en évidence : le 
precurseur de palladium échange un de ses ligands avec une fonction de surface tout 
en gardant son étage d’oxydation + II. Les catalyseurs sur supports non modifiés ont 
cependant toujours montré une supériorité en termes d’activité et de sélectivité par 
rapport aux catalyseurs préparés par greffage ou ancrage sur supports modifiés.  
  Ensuite, l’utilisation d’un support très inerte, le nitrure de bore, a été étudiée. Il 
a été montré qu’il pouvait remplacer Al2O3 et C. Il permet d’éviter les problèmes de 
limitations diffusionnelles et d’assurer une grande selectivité. La gamme optimale 
de taille de particules ainsi que la dispersion nécessaire à l’obtention de catalyseurs 
actifs et sélectifs a ensuite été déterminée. Les particules métalliques sur le support 
doivent présenter une distribution de taille comprise entre 3 et 15 nm sans particules 
inférieures à 3 nm. Celles-ci ont une influence néfaste sur l’activité des catalyseurs.  
 
 Pour clôturer l’étude de cette réaction, l’efficacité de l’or supporté sur h-BN a 
été évaluée. De plus, ce support a été comparé à trois autres supports : α-Al2O3, γ-
Al2O3 et C « black ». Il en ressort que Au/h-BN et Au/α-Al2O3 sont très performants. 
Après une seconde utilisation, ils sont toujours capables de mener la réaction avec 
une sélectivité de 100 %. Cependant, une perte d’activité a été observée et a pu être 
attribuée à un empoisonnement dû au lactose ou au produit de réaction. Après 
régénération thermique, le catalyseur supporté sur h-BN s’est révélé meilleur que 
celui sur α-Al2O3. Ceci peut être expliqué par la présence de fonctions oxygénées à 
la surface de l’alumine qui stabiliseraient les poisons et pourraient empêcher le 
nettoyage de ceux-ci pendant la régénération, contrairement au nitrure de bore.  
 
 L’hydrogénation du lactose a finalement été étudiée et les catalyseurs Pd/h-BN 
ont montré leur capacité à transformer le lactose tant en oxydation qu’en 
hydrogénation. L’activité et la sélectivité en lactitol sont influencées par la taille et 
la forme des particules. Celles de taille inférieure à 3 nm sont indésirables et la 
forme pyramide triangulaire permet d’obtenir des catalyseurs sélectifs permettant 
l’adsorption de H2 sur les sommets du triangle et l’adsorption du sucre sur les faces 
planes, ce qui faciliterait le déroulement de la réaction. Des catalyseurs Ru/h-BN ont 
aussi été testés et sont plus actifs mais moins sélectifs que les matériaux Pd/h-BN.  
 
 
Table of contents 
 
 
Chapter I ........................................................................................................ 1 
Introduction ................................................................................................... 1 
 
I.1. What is Catalysis? .................................................................................... 3 
I.2. Heterogeneous catalysis: the past, present and future in a few words… .. 8 
I.3. Oil vs Biomass ........................................................................................ 10 
I.4. Transformation of sugars ........................................................................ 11 
I.4.1. Carbohydrates in the chemical industry ....................................... 11 
I.4.2. Transformation of carbohydrates via heterogeneous catalysis .... 13 
I.4.3. Lactose ......................................................................................... 16 
I.4.3.1. Lactose hydrogenation into lactitol...................................... 16 
I.4.3.2. Lactose oxidation into lactobionic acid ............................... 18 
I.5. Mechanism of sugar conversions over noble metal supported catalysts 23 
I.5.1. Reaction mechanism of liquid phase oxidation reaction ............. 23 
I.5.2. Reaction mechanism of liquid phase hydrogenation reaction ..... 26 
I.6. Parameters influencing the catalytic performances ................................ 27 
I.6.1. Parameters influencing the final characteristics of a catalyst ...... 28 
I.6.1.1. Influence of the preparation methods .................................. 28 
I.6.1.2. Activation conditions ........................................................... 32 
I.6.2. Influence of the catalyst characteristics on the catalytic 
performances ......................................................................................... 33 
I.6.2.1. Noble metals ........................................................................ 33 
I.6.2.2. Addition of metal promoter to the noble metal .................... 34 
I.6.2.3. Particle size effect ................................................................ 36 
I.6.2.4. Particle shape effect ............................................................. 38 
I.6.2.5. Supports effect in heterogeneous catalysis .......................... 39 
Table of contents 
 
I.6.2.6. Conclusion ........................................................................... 47 
I.7. Selectivity in sugar transformations ....................................................... 47 
I.8. Diffusion ................................................................................................. 51 
I.9. Catalyst deactivation and regeneration ................................................... 54 
I.10. Objectives and methodology ................................................................ 56 
 
Chapter II .................................................................................................... 61 
Preparation of palladium catalysts on functionalized supports ............. 61 
 
II.1. Introduction ........................................................................................... 63 
II.2. Palladium supported catalysts prepared by grafting or anchoring of 
metal precursors on γ-Al2O3.......................................................................... 65 
II.2.1. Direct grafting on the surface ..................................................... 69 
II.2.1.1. Materials selection .............................................................. 69 
II.2.1.2. Mechanical mixtures .......................................................... 72 
II.2.1.3. Wet impregnation syntheses ............................................... 74 
II.2.1.4. Wet impregnation under inert atmosphere ......................... 75 
II.2.2. Anchoring on functionalized supports ........................................ 81 
II.2.2.1. Support functionalization ................................................... 81 
II.2.2.2. Anchoring of the precursors on the functionalized support 83 
II.2.3. Catalysis ..................................................................................... 88 
II.2.4. Conclusion .................................................................................. 97 
II.3. Palladium supported catalysts prepared on functionalized carbon 
xerogels ......................................................................................................... 98 
II.3.1. Functionalization of carbon supports ......................................... 99 
II.3.2. Grafting of [Pd(OAc)2(NHEt2)2] .............................................. 108 
II.3.3. Activation of the materials ....................................................... 112 
Table of contents 
 
 
II.3.4. Catalytic tests in the oxidation of lactose ................................. 118 
II.3.5. Conclusion for Pd/C xerogels catalysts .................................... 120 
II.4. Conclusions ......................................................................................... 121 
 
Chapter III ................................................................................................ 123 
Boron nitride as an alternative support of palladium catalysts for the 
selective oxidation of lactose .................................................................... 123 
 
III.1. Introduction ........................................................................................ 125 
III.2. Results and discussion ....................................................................... 126 
III.2.1. Catalysts synthesized by dry impregnation (DI) ..................... 127 
III.2.2. Catalysts synthesized by deposition-precipitation (DP) .......... 137 
III. 3. Conclusions ....................................................................................... 147 
 
Chapter IV ................................................................................................. 149 
Particle size effects in selective oxidation of lactose with palladium 
supported on boron nitride catalysts....................................................... 149 
 
IV.1. Introduction ....................................................................................... 151 
IV.2. Results and discussion ....................................................................... 152 
IV.2.1. Wet impregnation method (WI) .............................................. 152 
IV.2.1.1. Pd/h-BN catalysts prepared by wet impregnation with 
different precursors ........................................................................ 153 
IV.2.1.2. Wet impregnation: Pd(OAc)2(NHEt2)2 as precursor ....... 156 
IV.2.2. Aqueous impregnation (AI): Pd(NO3)2 as precursor .............. 167 
IV.3. Conclusions ....................................................................................... 180 
 
Table of contents 
 
Chapter V .................................................................................................. 183 
Gold as active phase of supported catalysts for lactose oxidation ........ 183 
 
V.1. Introduction ......................................................................................... 185 
V.2. Results and discussion ........................................................................ 186 
V.2.1. Au/h-BN catalysts prepared by wet impregnation ................... 187 
V.2.2. Diffusional limitations ............................................................. 192 
V.2.3. Influence of the support nature ................................................. 194 
V.2.4. Recycling of the catalysts ......................................................... 202 
V.2.4.1. Recycling of 1 wt.% Au catalysts prepared on different 
supports .......................................................................................... 203 
V.2.4.2. Identification of deactivation causes of Au/h-BN and Au/α-
Al2O3 catalysts ............................................................................... 207 
V.2.5. Regeneration of the catalysts .................................................... 213 
V.3. Conclusions ......................................................................................... 221 
 
Chapter VI ................................................................................................. 223 
Boron nitride supported catalysts for the hydrogenation of lactose .... 223 
 
VI.1. Introduction ....................................................................................... 225 
VI.2. Results and discussion ....................................................................... 226 
VI.2.1. Pd/h-BN catalysts prepared by WI with Pd(OAc)2(NHEt2)2 as 
precursor.............................................................................................. 228 
VI.2.2. Aqueous impregnation (AI): Pd(NO3)2 as precursor .............. 237 
VI.2.3. Influence of the support .......................................................... 244 
VI.2.4. Ruthenium as active phase for lactose hydrogenation ............ 246 
VI.3. Conclusions ................................................................................ 251 
Table of contents 
 
 
Chapter VII ............................................................................................... 255 
Conclusions and Perspectives .................................................................. 255 
 
VII.1. Conclusions ...................................................................................... 257 
VII.2. Perspectives ...................................................................................... 262 
 
Chapter VIII .............................................................................................. 267 
Experimental Part..................................................................................... 267 
 
VIII.1. Syntheses of the catalysts presented in Chapter II .......................... 269 
VIII.1.1. Palladium supported catalysts prepared by grafting and 
anchoring of metal precursors on γ-Al2O3 .......................................... 269 
VIII.1.1.1. Materials ....................................................................... 269 
VIII.1.1.2 Syntheses of Pd/γ-Al2O3 catalysts by direct grafting on the 
support surface ............................................................................... 270 
VIII.1.1.3. Catalysts synthesized on functionalized γ-Al2O3 support 
by anchoring ................................................................................... 271 
VIII.1.2. Palladium supported catalysts prepared on functionalized 
carbon xerogels ................................................................................... 272 
VIII.1.2.1. Materials ....................................................................... 272 
VIII.1.2.2. Boehm titration............................................................. 274 
VIII.2. Syntheses of the catalysts presented in Chapter III ......................... 275 
VIII.2.1. Starting materials.................................................................. 275 
VIII.2.2. Catalyst syntheses ................................................................ 275 
VIII.2.2.1. Dry impregnation method (DI) .................................... 275 
VIII.2.2.2. Deposition-precipitation method (DP) ......................... 276 
VIII.3. Syntheses of the catalysts presented in Chapter IV ........................ 277 
Table of contents 
 
VIII.3.1. Materials ............................................................................... 277 
VIII.3.2. Catalyst syntheses ................................................................ 277 
VIII.3.2.1. Wet impregnation (WI) ................................................ 277 
VIII.3.2.2. Aqueous impregnation (AI) ......................................... 278 
VIII.4. Syntheses of the catalysts prepared in Chapter V ........................... 279 
VIII.4.1. Materials ............................................................................... 279 
VIII.4.2. Wet impregnation (WI) ........................................................ 279 
VIII.4.3. Regeneration of the catalysts ................................................ 280 
VIII.4.3.1. Chemical regeneration ................................................. 280 
VIII.4.3.2. Thermal regeneration ................................................... 280 
VIII.5. Syntheses of the catalysts presented in Chapter VI ........................ 281 
VIII.5.1. Pd/h-BN catalysts ................................................................. 281 
VIII.5.2. Ru/h-BN catalysts ................................................................ 281 
VIII.6. Catalytic reactions ........................................................................... 282 
VIII.6.1. Lactose oxidation ................................................................. 282 
VIII.6.2. Lactose hydrogenation ......................................................... 283 
VIII.6.3. High Performance Liquid Chromatography (HPLC) ........... 284 
VIII.7. Characterization techniques ............................................................ 285 
VIII.7.1. Raman spectroscopy ............................................................. 285 
VIII.7.2. Infrared spectroscopy ........................................................... 285 
VIII.7.3. X-ray photoelectron spectroscopy ........................................ 285 
VIII.7.4. X-ray diffraction (XRD) ....................................................... 286 
VIII.7.5. Scanning Electron Microscopy (SEM)................................. 287 
VIII.7.6. Transmission electron microscopy (TEM) ........................... 287 
VIII.7.7. Atomic absorption spectroscopy (AAS)............................... 287 
VIII.7.8. Thermogravimetric analysis ................................................. 288 
Table of contents 
 
 
VIII.7.9. Pore texture of the carbonaceous materials: ......................... 288 
VIII.7.10. CO chemisorption .............................................................. 289 
VIII.7.11. Elemental analysis .............................................................. 290 
VIII.7.12. In situ Raman experiments ................................................. 290 
 
Chapter IX ................................................................................................. 293 
Supporting information ............................................................................ 293 
 
IX.1. Raman spectra of palladium precursors: (a) Pd(acac)2 (b) 
Pd(CF3CO2)2 (c) Pd(CF3CO2)2(bipy) (d) PdCl2(PhCN)2 ..................... 295 
IX.2. TGA of Pd complexes under nitrogen ....................................... 297 
IX.3. Elemental analysis of synthesized Pd complexes ...................... 297 
IX.4. Raman spectra of samples prepared by wet impregnation: (a)-1 
[Pd(acac)2]/γ-Al2O3 in toluene, (a)-2  [Pd(acac)2]/γ-Al2O3 in toluene 
stirred for 24h ...................................................................................... 298 
IX.5. Raman spectra: (a) comparison of [Pd(CF3CO2)2(bipy)]/γ-Al2O3 in 
acetonitrile with ultrasonic treatment (in red), with a 24h stirring (in 
blue) (b)  filtrate of [Pd(CF3CO2)2(bipy)]/γ-Al2O3 with 24h stirring ... 299 
IX.6. Illustration of Pd3d XPS spectra for samples containing mostly Pd0 
or PdII .................................................................................................. 300 
IX.7. Raman spectra of the reference catalysts prepared on dried 
alumina with Pd(OAc)2 ....................................................................... 301 
IX.8. Pore texture of the carbon xerogels ........................................... 302 
IX.9. Nitrogen isotherms of the ground carbon xerogels .................... 302 
IX.10. Evolution of the O/C surface ratio (XPS results) for xerogels 
functionalized with HNO3 before stabilization …………………..303 
IX.11. Evolution of the O/C surface ratio (XPS results) for xerogels 
functionalized with HNO3 after stabilization …………………… 304 
Table of contents 
 
IX.12. Atomic % N determined by XPS for the supports functionalized 
with HNO3 or air and stabilized .......................................................... 305 
IX.13. Pd/C surface atomic ratios (XPS) for the grafted samples. ...... 305 
IX.14. Evolution of the activity with time for 5 wt.% Pd catalysts on 
functionalized xerogels supports, in the oxidation of lactose ............. 306 
IX.15. Nitrogen isotherms of (a) α-Al2O3 and (b) h-BN ..................... 307 
IX.16. Evolution of the activity with time for (a) WI catalysts and (b) 
AI catalysts in lactose oxidation ......................................................... 308 
IX.17. XPS Pd3d spectra of (a) WI-4 (b) WI-5 (c) WI-6 ..................... 309 
IX.18. Calculation of the specific activity........................................... 310 
IX.19. Nitrogen isotherms of (a) γ-Al2O3 and (b) C black ..................... 311 
IX.20. Evolution of the activity with time for Au/h-BN catalysts ...... 312 
IX.21. Evolution of the activity with time for Au_WI supported on 
various supports with 1wt.% Au ......................................................... 312 
IX.22. XPS ratios (a) O/B (b) C/B (c) O/Al and (d) C/Al for Au_WI-2 
(Au/h-BN) and Au_WI-8 (Au/α-Al2O3) before test, after one and two 
runs ...................................................................................................... 313 
IX.23. Calibration curves of (a) Lactose and (b) Lactobionic acid (LBA)
 ............................................................................................................. 315 
IX.24. Calibration curves of (a) Lactitol (b) Lactulose (c) Glucose (d) 
Galactose and (e) Sorbitol ................................................................... 316 
 
References .................................................................................................. 319 
 
 
 
LIST OF ABBREVIATIONS 
 
 
α-Al2O3 : Alpha Alumina 
AAS : Atomic Absorption Spectroscopy 
acac: acetylacetonate ligand (2,4-pentanedione) 
AI : Aqueous Impregnation 
At. : Atomic  
BET : Brunauer-Emmet-Teller (author names of an equation developed to 
determine specific surface area of materials) 
C black : Carbon black 
C xerogel : Carbon xerogel 
Cps : Counts Per Second 
Calc. : Calculated 
DI : Dry Impregnation 
Disp. : Metallic Dispersion 
dp : Pore diameter 
DP : Deposition-Precipitation 
Exp. : Experimental 
EA : Elemental Analysis 
eV : Electron-Volt 
LIST OF ABBREVIATIONS 
 
Formalin : Formaldehyde FWHM: Full Width at Half Maximum 
γ-Al2O3 : Gamma-Alumina 
h-BN : hexagonal Boron Nitride 
HPLC : High Performance Liquid Chromatography 
ICP-AES : Inductively Coupled Plasma Atomic Emission Spectroscopy 
IR : InfraRed 
LAH : Lactitol (in hydrogenation reaction) 
LBA : Lactobionic Acid 
n.a. : non applicable 
n.d. : non determined 
n.m. : not measured 
PZC : Point of Zero Charge 
rpm : rotation per minute 
RT : Room Temperature 
SEM : Scanning Electron Microscopy 
S : Selectivity 
SBET : Specific Surface Area determined by BET equation 
SIMS : Secondary Ion Mass Spectrometry 
LIST OF ABBREVIATIONS 
 
 
TEM : Transmission Electron Microscopy 
TPD : Temperature-Programmed Desorption 
TOF : Turnover Frequency 
TGA : Thermogravimetric Analysis 
US : Ultrasound 
Vp : pore volume 
Vv: total pore volume 
VHg : pore volume determined by mercury porosimetry 
VDUB : pore volume determined with the Dubinin-Astakhov equation 
WI: Wet Impregnation 
XRD: X-ray Diffraction 
XPS: X-ray Photoelectron Spectroscopy 
X: reactant conversion 
Y: yield 
Y*: normalized yield  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Chapter I 
INTRODUCTION 
 
 This work in heterogeneous catalysis concerns the selective 
transformation of sugars in the liquid phase. The oxidation and the 
hydrogenation of lactose will be particularly investigated over catalysts 
composed of alumina, carbon or boron nitride as supports and Pd, Au or Ru 
as supported active phase. This chapter aims at introducing the key concepts 
underlying this work. Among those, the reaction mechanisms, the 
importance of the preparation methods, the final structure of the catalysts 
(metallic particle size and shape, nature of support or metal) and catalyst 
deactivation will be covered. Indeed, these influence greatly the catalytic 
performances. An overview of the studies described in the literature 
concerning sugar conversions with supported catalysts will also be 
presented. This chapter will end by defining the main objectives of this 
thesis.  
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I.1. What is Catalysis?  
 According to Ostwald, “catalysis is the phenomenon in which a small 
quantity of substance, the catalyst, increases the rate of a chemical reaction 
without itself being substantially consumed” [1]. In addition, it is an 
alternative which is energetically favorable compared to the non-catalytic 
reaction, from a mechanistic point of view [2]. It enables processes to be 
carried out under industrially feasible conditions in terms of pressure and 
temperature [2]. If we take a look at the potential energy diagram for the non-
catalytic and catalytic reactions (Figure I.1), the former corresponds to the 
Arrhenius equation which shows that the reaction takes place when two 
molecules A and B hit each other with sufficient energy to overcome the 
activation barrier. The catalytic reaction begins with the bonding of A and B 
to the catalyst on which the reaction proceeds. The reaction is associated 
with an activation energy that is significantly lower than for the uncatalyzed 
reaction. At the end, the product obtained separates from the catalyst.   
 Catalysts can be atoms, molecules, enzymes or solid surfaces and they 
can be employed as liquids, gases or solids. We currently distinguish three 
disciplines in catalysis: homogeneous, enzymatic and heterogeneous [2].  
 Homogeneous catalysis is defined as a case where the catalyst is in the 
same phase as the reactants [1]. A simple example can be found in 
atmospheric chemistry. In the atmosphere, a pathway for ozone 
decomposition is via a reaction with chlorine atoms:  
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 Cl + O3  ClO3  
 ClO3  ClO + O2    or:        O3 + O  2O2 
 ClO + O  Cl + O2 
  Ozone can decompose spontaneously and under light influence but 
with a Cl atom, it accelerates significantly the reaction. At the end of the 
cycle, Cl is intact and thus can be considered as a homogeneous catalyst. 
Research in homogeneous catalysis is mainly devoted to organometallic 
chemistry. 
 
Figure I.1: Potential energy diagram of a heterogeneous catalytic reaction [2] 
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 In biocatalysis, natural catalysts called enzymes are used to carry out 
chemical transformations of organic compounds. Lots of enzymatic reactions 
happen in our body every second of our life. The general mechanism of 
these reactions is described in Figure I.2. In 1894, Emil Fischer did the 
analogy with “Lock and Key” theory in which the lock is the enzyme and the 
key is the substrate. Only the key with the correct shape will open a 
particular lock. By analogy for the enzymatic reaction: only the correctly 
shaped key (substrate) will fit into the key hole (active site) of the lock 
(enzyme). The geometric shape of the active site is complementary to the 
geometric shape of a particular substrate. That is why enzymes react with 
only one or a very few similar compounds. At the end, the products are 
released from the enzyme surface which is ready for a new cycle [3].  
 
Figure I.2: Mechanism of a reaction catalyzed by an enzyme [3] 
 In heterogeneous catalysis, the solid catalyst is in a different phase than 
the reactants and products [1] that can be in liquid or gas phase. Typical 
heterogeneous catalysts are inorganic solids such as metals, oxides, sulfides 
or metal salts [4]. They can be used as “bulk” active phase or supported. The 
present work concerns catalysts belonging to the second category. The active 
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phase consists in metallic particles (Figure I.3) which hold on the support via 
van der Waals/London forces, responsible for the physisorption of atoms at 
surfaces [1].  
 
Figure I.3: Schematic representation of a supported heterogeneous catalyst 
 A common example can be found in daily life: cars that are equipped of 
a catalytic converter. One of the key reactions in cleaning automotive 
exhaust is the oxidation of CO on the surface of noble metals such as 
platinum, palladium and rhodium. It begins by the adsorption of CO and O2 
on the surface of Pt and the dissociation of O2 into two O atoms. Then, O 
and CO react at the surface to form CO2 that will desorb instantaneously 
(Figure I.4).   
 Nowadays, almost 90% of chemical products industrially manufactured 
come, directly or indirectly, from catalytic processes [1,5-7]. In the bulk 
chemistry domain, heterogeneous catalysis is mostly used compared to 
homogeneous catalysis. However, the latter is more widespread in fine 
chemistry thanks to better control on the reaction selectivity. Both types of 
catalysis present advantages and drawbacks which are summarized in Table 
I.1.  
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Figure I.4: Potential energy diagram for the catalytic oxidation of CO by O2[2] 
 
Table I.1: Comparison between homogeneous and heterogeneous catalysts [1] 
Property 
Homogeneous 
catalysis 
Heterogeneous 
catalysis 
Catalyst recovery Hard and expensive Easy 
Thermal stability Poor Good 
Activity High Variable 
Selectivity Excellent/ 
single active site 
Poor/ 
multiple active sites 
Mechanistic 
understanding Plausible Difficult 
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I.2. Heterogeneous catalysis: the past, present and future 
in a few words… 
  As said by J.A. Armor: “catalysis was practiced by many early 
societies without realizing its impact as demonstrated by the production of 
wine, beer, soap, cheese etc…” [8]. A lot of catalytic processes have been 
developed for a very long time and some of them are summarized in Table 
I.2. For example: in 1817, H. Davy observed that when using a Pt wire, the 
combustion of coal gas with oxygen was accelerated [9], in 1838, Kuhlmann 
worked on oxidation of NH3 to nitric acid over Pt [10], in 1875, the 
production of sulfuric acid was enhanced by using V2O5, in 1923, BASF 
developed the methanol synthesis at high pressure over a ZnO-chromia 
catalyst.  
 In the past three decades, the development of a molecular level 
understanding of catalyst function, in situ/operando characterization 
techniques, molecular modelling or reactor modelling took more importance. 
Moreover, improvements in the catalytic activity and selectivity were 
constantly targeted. These two aspects can be enhanced by designing the 
structure of catalytic materials with the appropriate active sites dispersion 
needed for each specific application. The materials regularly encountered in 
heterogeneous catalysis are zeolites, mesoporous materials, carbon materials, 
and so on [11].   
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Table I.2: Historical aspects of heterogeneous catalysis [12-17] 
Catalytic process Catalyst Author Year 
Sulfuric acid Pb chamber Roebuck 1746 
Combustion Pt Davy 1817 
SO2 oxidation Pt Phillips 1831 
Friedel-Crafts  AlCl3 Friedel & Crafts 1877 
NH3 synthesis Fe Haber 1909 
Hydrogenation Ni Sabatier 1912 
NH3 Industrial process  Fe Haber 1918 
CO + H2  CH3OH ZnO-Cr BASF 1923 
CO + H2  hydrocarb. Fe, Co Fischer & Tropsch 1923 
Exhaust gas treatment Zeolite Gen. Motors & Ford 1976 
 
 The major challenges for the future from a scientific point of view are 
to optimize new catalytic materials (covering their design, preparation, 
evaluation), to understand catalyst behavior at a molecular level, to improve 
physical and chemical characterization techniques. In addition, a new area of 
research is emerging: green chemistry which refers to atom efficiency and to 
minimization of waste [18]. The interest is to develop novel materials than can 
be applied as heterogeneous catalysts for chemical processes to replace 
“effective but hazardous chemicals” [11]. Moreover, new sources of energy 
such as hydrogen and new processes for waste treatment, water depollution, 
solar photo conversion, are being developed [11].  
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I.3. Oil vs Biomass 
 For nearly a century, oil has constituted the reference resource in our 
society for its use as a fuel and as raw material for the production of many 
products essential to our daily life. However, the abundant supply of cheap 
oil will decrease because of depletion of the reserves [19,20]. In addition, the 
demand for chemicals coming from oil processing will continue to grow and 
it will result into a further increase in oil price. To overcome these problems, 
a revival of chemicals derived from available biomass will appear. But the 
shift of chemicals derived from oil into bio-renewable chemicals is not as 
simple because the nature of the feedstock used is drastically different. 
Indeed, the catalysts used to transform oil into chemicals are able to 
selectively functionalize hydrocarbons while biomass is already highly 
functionalized. Thus, it is not possible to use as such the catalysts developed 
during the last hundred years to transform biomass feedstock [20]. Most of the 
time, biomass refers to plant-based material which is more specifically called 
lignocellulosic biomass including principally lignin, sugars, hemicellulose 
and cellulose. Biomass also includes algaes, moss, etc. Cellulose is the main 
constituent of the most abundant renewable lignocellulosic feedstock. 
Recently, bifunctional catalysts containing both acidity for the hydrolysis of 
β-1,4-glycosidic bonds in cellulose and metal nanoparticles for 
oxidation/hydrogenation of monosaccharide to organic acids/polyols have 
been developed [21-27]. In parallel, sugars have been used for a very long time 
in fine chemicals industry and as renewable materials: they can be seen as 
“renewable feedstock for the green chemistry of the future” [28]. As 
mentioned earlier, the objective of green chemistry is to use as much as 
possible environmentally benign chemical processes [11,18]. In this work, we 
Chapter I : Introduction 
11 
will focus on transformations of sugars also termed carbohydrates. Some 
examples of sugar conversions will be described in the next section. 
I.4. Transformation of sugars 
I.4.1. Carbohydrates in the chemical industry 
 A first example of sugar transformation applied industrially is the 
isomerization of glucose. It is isomerized to fructose by immobilized 
enzymes to produce glucose-fructose syrup [29].  
 Vitamin C has also been produced over several decades by the 
Reichstein process with an overall yield of 60 %. As shown in Figure I.5, 
this process implies many steps including, among others, a regioselective 
biocatalytic step and the oxidation of D-sorbitol to L-sorbose. Roche and 
Takeda are still using this synthesis method [30,31]. Recently, a new process 
for vitamin C production was established on the industrial level by BASF 
and Cerestar [32,33]. In the first step, D-sorbitol is oxidized into L-sorbose 
followed by the formation of keto-gulonic acid which is transformed to 
ascorbic acid. This method involves the use of less toxic solvents and 
reagents resulting in lower waste processing compared to the Reichstein 
process. 
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Figure I.5: Reaction scheme of the Reichstein process [33] 
 Gluconic acid can be produced from glucose by a simple oxidation 
reaction implying the enzymes glucose oxidase and glucose dehydrogenase 
(Figure I.6). In the industry, it is produced by fermentation [34]. Gluconic acid 
for example, finds applications in food industry [34].  Its salts are used as 
mineral supplements to prevent the deficiency in calcium, iron and as buffer 
salts.  
 
 
 
Figure I.6: Enzymatic transformation of glucose (a) to gluconic acid (b) 
O
HO
HO
OH
OH
H
OH
H
H
Glucose oxidase 
(a) (b) 
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 Another example is the hydrogenation of fructose to mannitol which is 
carried out industrially by catalytic hydrogenation under high pressure and 
temperature over a Raney Nickel catalyst [35]. NAD(P)H-dependent mannitol 
hydrogenase (MDH) also allows this transformation by an enzymatic 
pathway [35].  
I.4.2. Transformation of carbohydrates via heterogeneous 
catalysis  
 In order to decrease the production cost and the costs of waste 
treatments, sugar transformations should ideally be carried out catalytically, 
in water, with the highest selectivity in the desired product. The selectivity 
has to be high to minimize purification post-treatments and if using water, 
the effluents have to be easy to clean up. Moreover, the catalysts should be 
reusable and recyclable. Catalytic reactions take place most of the time 
under moderate temperature and pressure conditions, they limit the use of 
stoichiometric amounts of reactants and the production of toxic wastes. In 
addition, heterogeneous catalysts are easily recoverable compared to their 
homogeneous counterparts. Every heterogeneous catalytic process presents 
thus interesting advantages as much in an economical as in an environmental 
point of view.  
 In the literature, many studies reporting sugar conversions with 
heterogeneous catalysts are described and some of them are summarized in 
Table I.3 [36-73].  For example, xylose, a five carbon sugar aldehyde, can be 
hydrogenated into xylitol, known for its anti-carcinogenic, sugar substitute, 
and high sweetening capacity properties. Ruthenium nanoparticles supported 
on zeolite have been used to carry out this reaction [39]. The reaction 
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conditions such as the metal loading, amount of catalyst, H2 pressure and 
reaction temperature have been optimized to reach higher activity and 
selectivity. 
Table I.3: Sugar conversions with heterogeneous catalysts 
Sugar Reaction Product Catalyst Refs 
Xylose H2 Xylitol Ru/zeolite [39] 
Fructose H2 Mannitol/Sorbitol 
CuO-ZnO 
Ru/C 
[40] 
[41] 
Fructose O2 2-keto gluconic acid Pt/C [42] 
Arabinose O2 Arabinonic acid 
Au/Al2O3 
Au(Pd)/Al2O3 
Au(Pd)/C 
[43] 
[44] 
[45] 
Arabinose H2 Arabitol Ru/C [47] 
Sorbose O2 2-keto gulonic acid 
Pb-Pt/Al2O3 
Bi-Pt/C 
[49-52] 
Cellobiose O2 Glucose Au/CNT [53] 
Glucose O2 Gluconic acid 
Pd/C 
Bi-Pd/C 
Pt/Al2O3 
Au/Al2O3 
Au/C 
[54-73] 
Glucose H2 Sorbitol Ru/C [46,48] 
Chapter I : Introduction 
15 
  The hydrogenation of fructose over CuO-ZnO catalyst was also 
studied [40]. The products obtained are mannitol and its epimer, sorbitol. 
Another group has used Ru/C catalysts [41] to carry out fructose 
hydrogenation and Pt/C for fructose oxidation [42].  
 Gold and palladium supported on alumina and carbon have been studied 
in the selective oxidation of arabinose into arabinonic acid [43-45]. Ru/C 
catalysts have been used to hydrogenate glucose to sorbitol and in arabinose 
hydrogenation [46-48].  
 L-Sorbose oxidation has been investigated with platinum catalysts 
modified by adsorbed amines in order to enhance rate and selectivity [49-52]. 
The selective oxidation of cellobiose over carbon nanotubes (CNT) 
supported gold nanoparticles, has been recently studied [53]. It was 
demonstrated that CNT surfaces play a role in the hydrolysis of cellobiose to 
glucose and the Au0 nanoparticles account for the selective oxidation of 
glucose to gluconic acid. This latter oxidation reaction has been particularly 
investigated in the past 20 years. The effect of the addition of bismuth as 
promoter to Pd/C catalysts was studied extensively. It was shown that it 
permits to increase the glucose conversion but Bi leaching is often observed 
[54-60]
. More recently, Tathod et al. have shown that Pt/Al2O3 is active for this 
reaction [61]. Au/C and Au/Al2O3 catalysts were shown to be even more 
active in this reaction [62-74]. 
 In the present work, we will focus our attention on the selective 
oxidation and hydrogenation of a same sugar: lactose.  
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I.4.3. Lactose 
 Lactose is an important by-product of the dairy industry, whose 
production is estimated at about 1.2 million tons per year. Because of its low 
solubility and sweetness, as well as a certain intolerance of some population 
segment, the use of lactose is limited in many applications. However, as a 
consequence of its worldwide surplus and low cost, there is a great interest 
in the research of innovative processes for transforming lactose, and 
expanding its applications in the food and pharmaceutical industries as 
added-value lactose derivatives. Lactose is a disaccharide derived from 
glucose and galactose, and is particularly interesting because it can be 
converted into valuable pharmaceutical products and functional food 
ingredients such as lactulose, lactitol, lactobionic acid, lactosucrose, and 
galacto-oligosaccharides [75].   
I.4.3.1. Lactose hydrogenation into lactitol 
 Lactitol, obtained by the hydrogenation of lactose is a sugar alcohol and 
is used in the food industry as a sweetener. In addition, it is used in the 
pharmaceutical industry for its laxative properties [76]. Industrially, lactitol is 
produced by catalytic hydrogenation of lactose with Raney Ni catalyst [77,78]. 
But lactose hydrogenation also gives other compounds: galactitol, sorbitol, 
glucose, galactose, lactulose, lactobionic acid and/or lactulitol (Figure I.7).  
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Figure I.7: Schematic reactions of lactose transformations 
 Lactulose can be produced by the isomerisation of lactose [79,80]. It also 
has many applications in food industry and in pharmaceutical field. It is 
applied in a large variety of food formulations, because it is used as a 
sweetener for diabetics [81-83]. It is also used in the treatment of hepatic 
encephalopathy [84-86]. Lactulose is produced industrially by chemical or 
enzymatic methods [87-90]. During its production, the reaction mixture is not 
pure and contains other substances such as lactose, glucose, epilactose and 
even formic acid [91]. It can be extracted from the reaction mixture and then 
purified [92,93]. 
 Lactose hydrogenation can be achieved catalytically. In 1958, the 
hydrogenation of lactose into lactitol via carbon-supported ruthenium was 
reported in a patent [94]. In another study, Hu et al. showed that lactose could 
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be reduced to lactitol by using Raney Ni catalyst. However, under their 
conditions, many by-products were obtained such as lactulitol, sorbitol and 
dulcitol [77]. They have shown that high temperature, high acidity and slow 
main reaction rate favour lactose hydrolysis leading to increased galactitol 
and sorbitol formation. A too high pH increases lactose isomerization and 
thus lactulose and lactulitol formation. A lack of hydrogen on the catalyst 
surface leads to increased lactobionic acid formation. The latter has an 
inhibiting effect on lactose conversion by catalyst deactivation. The 
temperature and hydrogen pressure with Ru/C catalysts have to be 
respectively of 110-120°C and 50 bar. Another group used sponge nickel 
catalysts to carry out this reaction with Mo as a promoter [95]. They have 
obtained mainly lactitol, but small amounts of lactobionic acid, lactulose, 
lactulitol, sorbitol, and galactitol were detected as by-products. In 2008, 
Ru/C commercial catalysts have been used by Kuusisto et al. and they were 
very active in this reaction especially in terms of lactose conversion. Again 
here, the selectivity in lactitol was not 100 % and by-products such as 
lactulitol, sorbitol, galactitol and lactobionic acid were formed [96]. Pd/C 
catalysts containing 5wt.% of active phase have been used for lactose 
hydrogenation as well but only 10 % of lactose conversion was reached with 
3 % of lactitol yield [76].  
I.4.3.2. Lactose oxidation into lactobionic acid  
 Lactobionic acid (LBA) also presents several interesting applications 
[28]
. A recently published review focuses on the main characteristics, 
applications and physiological effects of lactobionic acid which has high 
potential applications as a bioactive molecule [84]. The main commercial 
applications of LBA derive from its antioxidant, chelating and emulsifying 
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properties [84-90]. It is an antioxidant compound which can replace formol as 
an organ preservation liquid with the advantage of being less toxic [87,97].  
 In the industry, lactose is transformed into lactobionic acid by an 
oxidation process. Lactobionic acid is an aldonic acid which is commercially 
produced in small quantities for industrial and medical applications as well 
as for research use [28]. Lactobionic acid was first synthesized by Fischer and 
Meyer in 1889 by oxidizing lactose with bromine. Since then, other 
processes including principally chemical, electrochemical and biocatalytic 
oxidations have been investigated. Biocatalytic transformation of lactose is 
carried out via specific enzymes or by using microorganisms as biocatalysts 
[28]
. The general mechanism is presented in Figure I.8. It involves the 
formation of lactobiono-δ-lactone as an intermediate product, which is then 
hydrolyzed into lactobionic acid [98]. The process is carried out under mild 
temperature conditions (25-50°C).  
 
Figure I.8: Schematic biocatalytic oxidation of lactose to lactobionic acid [98] 
(LAO: lactose oxidase) 
 Lactobionic acid was also prepared by electrolytic oxidation in 1934 by 
electrochemical oxidation of lactose in the presence of bromine and calcium 
carbonate using graphite electrodes [99]. Since then, only a few reports on 
electrochemical production have been published.  
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  In the literature, the heterogeneous catalysts reported to carry out 
this reaction are based mainly on noble metals (Au, Pd, Bi-Pd, Pt) supported 
on Al2O3, SiO2, TiO2, CeO2, carbon or zeolites [65,76,100-106]. 
 The principal product obtained catalytically is lactobionic acid. 
However, lactulose and 2-keto lactobionic acid are undesirable and can be 
produced in function of the activity and selectivity of the catalysts employed 
(Figure I.9). In order to obtain LBA, the experimental conditions to apply at 
atmospheric pressure are a temperature of 50-70°C, an alkaline medium (pH 
between 8.0 and 9.0) using air or oxygen as oxidant. Higher pH values can 
promote the formation of lactulose and lower pH values increase the risk of 
poisoning by reaction products [107].   
 
Figure I.9: Schematic catalytic oxidation of lactose to lactobionic acid 
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 In 1990, Hendricks et al. performed this reaction with bismuth-
palladium supported catalysts. Since then, platinum, palladium and bismuth-
palladium supported catalysts have been investigated and the catalytic 
performances obtained in several cases are summarized in Table I.4 [108]. The 
main problems are the poisoning and deactivation by over-oxidation of the 
catalysts [109]. It is therefore important to control the oxygen concentration in 
the reaction media [38]. Because bismuth is prone to leaching, the applications 
of catalysts which contain Bi are not appropriate for chemical productions in 
food and pharmaceutical industries [110]. Gold catalysts have shown a very 
high stability against over-oxidation and the performances obtained were 
very good in terms of activity and selectivity, and even better than Pd or Pt.  
 A few studies have reported that supporting Au nanoparticles on 
alumina, titania or ceria allowed obtaining moderate to high conversions and 
selectivities [65,76,103,116]. In a recent study, Au/mesoporous silica catalysts 
have been used and exhibited excellent performances by reaching 100 % 
selectivity 100 % conversion after 100 minutes [28,107]. 
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Table I.4: Production of LBA by heterogeneous catalytic oxidation of lactose [28] 
Catalyst 
Conversion 
yield (%) 
Selectivity 
in LBA (%) 
Reaction 
time (min) 
References 
Pd/C 97 95.8 200 [108] 
Pd/SiO2 27 80 200 [107] 
Pd/Al2O3 99 97 200 [76,102,111] 
Pd-Bi/C 100 100 300 [112] 
Pd-V/C 30 57 200 [113] 
Pd-Pt-Bi/C 93 83 200 [113] 
Pd-Bi/SiO2 100 100 180 [109] 
Pd-Tl/SiO2 30 82 120 [107] 
Pt/C 94 75 200 [113] 
Pt/Al2O3 100 44 300 [112] 
Pt-Bi/C 80 72.5 300 [100,114] 
Ru/C 34 38 200 [115] 
Ru/Al2O3 29 6 200 [115] 
Au/Al2O3 100 100 200 [76,96,116] 
Au/SiO2 100 100 200 [107] 
Au/CeO2 100 99.1 200 [76] 
Au/SiO2-CeO2 100 100 100 [107] 
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I.5. Mechanism of sugar conversions over noble metal 
supported catalysts 
I.5.1. Reaction mechanism of liquid phase oxidation reaction 
 Since 1957, it is generally accepted that the catalytic oxidation of 
alcohols and aldehydes in liquid phase proceeds via an oxidative 
dehydrogenation mechanism [38,117] followed by the oxidation of adsorbed 
hydrogen atoms by dissociatively adsorbed oxygen. However, three main 
reaction pathways have been proposed [38]. The Figures I.10, I.11 and I.12 
presented below show a proposed mechanism for glucose conversion. It 
consists first in a cleavage of C-H bond of the substrate by the noble metal. 
This is followed by the oxidation of the hydrogen adsorbed. In this 
mechanism, oxygen plays only a hydrogen acceptor role and does not react 
directly with the substrate. The proposed reaction steps are the following:  
 
 (1) RCH2OH sol   RCH2OH ads 
 (2)  RCH2OH ads    RCHO ads + 2H ads 
 (3)  RCHO ads + H2O sol  RCH(OH)2 ads 
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Figure I.10: Dehydrogenation mechanism: step 1 to 3 (solid line between sugar 
and Pd means that the molecule is chemisorbed on the surface) 
 
(4)  RCH(OH)2 ads   RCOOH ads+ 2H ads 
 
 
Figure I.11: Dehydrogenation mechanism: step 4 (solid line between sugar and 
Pd means that the molecule is chemisorbed on the surface) 
 
 
(1) 
(2) 
(4) 
 
(3) 
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(5) RCOOH ads + OH- sol         RCOO- + H2O sol 
 
Figure I.12: Dehydrogenation mechanism: step 5 (solid line between sugar and 
Pd means that the molecule is chemisorbed on the surface) – OH- can originate 
from the basic solution or from a support surface site 
 As mentioned earlier, the H atoms adsorbed on the noble metal surface 
are oxidized into H2O by oxygen as:  
O2 sol     2O ads 
2O ads + 2H2O sol       4OH ads 
  4OH ads + 4H ads       4H2O sol 
 In order to prove that this mechanism indeed takes place, some 
experiments have been carried out. For example, oxidation experiments of 
ethanol or 2-propanol were conducted with 18O-labeled oxygen and it 
showed that this isotope was not incorporated into the reaction products 
[38,118,119]
.
 
In parallel, measurements of electrode potential of platinum 
catalysts in alcohol solutions have shown that it was almost identical to the 
   
 
  
 
(5) 
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potential of hydrogen electrode indicating a possible covering of the metal 
surface by adsorbed H atoms [120].  
 This mechanism is generally accepted for glucose or lactose oxidation 
reaction but the exact reactional pathway is still under debate because the 
nature and concentration of adsorbed species are not known [37,120-122]. 
Kinetics of lactose oxidation have been studied in the literature and it was 
shown that the order of reaction with respect to lactose concentration is zero 
[75,105]
.  
 Other mechanistic studies have been carried out for glucose oxidation 
and H2O2 was found to be the reduction product of O2 during the reaction 
[37,38,64]
. Moreover, a theoretical study of the adsorption and dissociation of 
molecular oxygen on different surface Au supported nanoparticles has 
shown that the most active sites for O2 dissociation are found at the metal-
support interface and not at the gold particle surface [348-350]. Thus, it is 
generally assumed that oxygen adsorbs on the edges, at the interface, and 
then migrates to the faces where the adsorption of the sugars occurs [37,64].  
I.5.2. Reaction mechanism of liquid phase hydrogenation reaction 
 Concerning the mechanism of sugars hydrogenation, it implies mainly 
four steps: the dissociative chemisorption of H2 on noble metal, the 
adsorption of the sugar on metal surface, the hydrogenation reaction of the 
sugar into alcohol which desorbs then from the surface [76]. The group of 
Salmi et al. studied sugar hydrogenation over Ru/C catalysts and they have 
shown that the hydrogenation step on the catalyst surface is rate-determining 
[45,76,123 ]
.  
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 Only a few studies on lactose hydrogenation have been published 
[76,77,95,124]
. Kuusisto et al. studied the kinetics of lactose hydrogenation on 
Ru/C catalyst [96]. They have modelled the kinetic data based on a Langmuir-
Hinshelwood model. In the latter mechanism, the rate of a heterogeneous 
reaction is controlled by the reaction of the adsorbed molecules [1] (Figure 
I.13). Non-competitive adsorption of molecular hydrogen and lactose on the 
catalyst surface was assumed.  
 
                          
Figure I.13: Langmuir-Hinshelwood mechanism [125] 
I.6. Parameters influencing the catalytic performances 
 Numerous parameters may influence the final characteristics and 
properties of a supported catalyst. It is generally admitted that the catalytic 
performances of a catalyst are determined by the catalyst microstructure: 
support porosity, metallic particle size distribution, and metallic dispersion. 
The final characteristics of the catalyst are function of the metal precursor 
and support nature, the preparation method employed, the type of 
activation,... All these factors will influence the interaction between the 
precursor and the support, the metal dispersion or the resistance to 
poisoning. In this section, we will discuss some of these parameters and how 
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they influence the final characteristics of the catalysts and the catalytic 
performances in different reactions, particularly in sugars transformations. 
I.6.1. Parameters influencing the final characteristics of a catalyst 
I.6.1.1. Influence of the preparation methods 
 As Richardson says: “catalyst preparation is the secret to achieving the 
desired activity, selectivity and life time” [126]. The quality of heterogeneous 
catalysts is determined by the exposed surface area of active phase and its 
stability, because the majority of reactions take place at the surface of the 
catalysts [127]. Several procedures exist to deposit an active phase onto a 
support. In this part, we will describe the most common preparation methods 
that might drastically influence the final characteristics of a catalyst, namely: 
impregnation, deposition-precipitation, grafting and anchoring.  
a) Impregnation  
 In this preparation technique, a solution of the precursor of the active 
phase is brought in contact with the solid support. Two methodologies are 
distinguished: dry impregnation also called incipient wetness, that refers to 
“pore volume impregnation” in which the volume of the precursor solution 
used corresponds to the porous volume of the support, and wet impregnation 
in which the support is dispersed into an excess amount of solution 
containing the precursor [127].  
 In general, a high activity for a supported catalyst is obtained when a 
large active surface area (depending on the pore size distribution) and thus 
small particles/high dispersion of the active phase is present on the catalyst 
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[128]
. It is only when the interactions between a precursor solution and the 
support are sufficient that a high dispersion of the active phase can be 
achieved by impregnation [128].  
 The groups of de Jong and Regalbuto showed that with oxide supports, 
the charge of the complex and the point of zero charge of the support (PZC: 
pH value where the net surface charge is zero) are important during the 
synthesis by wet impregnation because they affect both dispersion and 
distribution of the active phase on the supports [128-134]. Indeed, when 
electrostatic interactions appear between a metallic precursor and a support, 
a higher dispersion of the metallic particles can be obtained in the final 
material [135,136].  
b) Deposition-Precipitation (DP) 
 This preparation method takes place in an excess of solvent as in the 
case of wet impregnation. It consists in the deposition of a metallic 
hydroxide or carbonate by precipitation at the support surface, in a basic 
medium [137].  
 Toebes et al. have prepared Pd/MgO catalysts by deposition-
precipitation and they have observed that at high pH values, a strong 
interaction of the metal ions on the support was obtained [128].  
 Zanella et al. studied the mechanism of deposition of gold precursors 
onto TiO2 during the preparation by deposition-precipitation with NaOH and 
urea [138]. In function of the base used, the gold species deposited on the 
support were different. In the case of NaOH, the main species present at pH 
8 were [AuCl(OH)3]- and this complex can form a grafted hydroxyl-gold 
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compound by reacting with the hydroxyl groups of TiO2. When urea is 
employed, all the gold present in solution is deposited on the TiO2 surface as 
gold (III) precipitate corresponding to an amorphous compound which 
contains nitrogen, oxygen, and carbon.  
 In addition, it is known that the selection of support affects the final 
metal particles size and their stability against agglomeration at high 
temperatures. Indeed, several supported gold catalysts were prepared by DP 
method and more agglomeration appeared on MgO, Fe2O3, SiO2-TiO2 than 
on TiO2 [139-144]. Other studies have demonstrated that the support surface 
area and its porosity play a determining role in the achievement of high 
dispersion of the active phase [145]. It is known that a high porosity/surface 
area prevents the formation of particles aggregates, implying a high metallic 
dispersion, depending on the pore size distribution and the facility for metal 
species to penetrate inside the smallest pores [6]. 
c) Grafting and anchoring 
 More recently, different variations of impregnations have been 
developed in order to have a better interaction between the support and the 
precursor: anchoring and grafting. These notions refer to chemical bonding 
of molecular species to a surface [146]. The difference between the two can 
easily be represented such as in Figure I.14. Grafting will refer to the case 
where the native surface groups of the support are covalently bonded to a 
metallic centre and take part in its internal coordination sphere, thus acting 
as ligands. Anchoring will refer to the case where the metal atom of a 
complex is connected to the surface by a spacer arm via a series of covalent 
bonds [147].  
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Figure I.14: Representation of “grafting” and “anchoring” of boats and 
complexes to a pier and an oxide support, respectively [146] 
  
 In the case of anchoring or grafting, the choice of an adapted metallic 
precursor is important. It can be metallic coordination compounds or 
organometallic complexes. The syntheses can be carried out in several 
solvents that are aqueous or organic. The nature of the solvent influences 
also the catalysts properties. Hermans et al. have shown that during catalyst 
preparation with Pd(OAc)2(NHEt2)2, differences in terms of dispersion were 
observed. The interaction between the support and the precursor is modified 
in function of the solvent employed [148-150].  
 The nature of the support is also important for the anchoring/grafting 
syntheses. Surface functions are generally introduced in order to obtain a 
sufficient number of anchoring/grafting sites for the precursor [151-154]. It has 
been shown that the functionalization, which means increasing the number 
of functional groups on the support, influences the final metallic dispersion 
[149,155-159]
. More examples dealing with the influence of support 
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functionalization on the metallic dispersion will be described at the 
beginning of Chapter II.  
I.6.1.2. Activation conditions 
 In heterogeneously catalyzed sugar transformations, the active phase on 
the support has to be metallic. Following the metal precursor deposition step, 
an “activation treatment” is applied in order to reduce the metallic precursor.  
 Indeed, most of the time, the metal precursor is impregnated with the 
support before being calcined and/or reduced to fix the particles on the 
support [4] and as mentioned earlier, the active-phase support interactions 
will determine the stability of the active phase during the reaction (Figure 
I.15). 
 
Figure I.15: Formation of the metallic active phase 
 The reduction of metal precursor is a complex process depending on the 
selection of metal precursor, the support, the catalyst preparation method, the 
metal loading and the reducing agent [139]. The metal reduction can be carried 
out by molecular hydrogen [160] or chemical reducing agents [161] such as 
hydroquinone [162], NaBH4 [161,163-167], KBH4, hydrazine [168-170], ethanol [162] 
and so on. Chemical reduction with sodium borohydride for example is 
Chapter I : Introduction 
33 
performed at temperatures lower than reduction with molecular hydrogen. It 
usually leads to the formation of smaller metal particles in the former case 
[171]
.  
 Zou et al. have studied in 1992 the effect of activation of Pd catalysts 
supported on silica. The catalysts were prepared with [Pd(NH3)4](NO3)2. 
They have observed that under H2, a poor Pd dispersion was obtained while 
when the activation gas was He or Ar, a very high dispersion could be 
achieved [172]. Miller et al. have also shown that for Pt/silica catalysts 
prepared from [Pt(NH3)4]2+, when increasing calcination temperature, the 
dispersion was lower [173]. A comparative study was realized with three 
reducing agents to investigate metal particle sizes achieved in the case of Pt 
catalysts. The agents used were NaBH4, H2 and urea [174]. The best method 
was shown to be when using NaBH4 which facilitates one-pot-formation, 
stabilization and in situ reduction of metal nanoparticles. In another work, in 
which the oxidation of benzyl alcohol over Au/MgO catalysts was studied, 
they have shown that the higher the calcination temperature, the higher the 
particle Au size on the support [141].  
I.6.2. Influence of the catalyst characteristics on the catalytic 
performances  
I.6.2.1. Noble metals  
 The choice of noble metal used for the catalyst composition is important 
because it will play the role of the active phase during the catalytic reactions. 
The most commonly used noble metals as active phase in sugar 
transformations are Pd, Au, Ru or Pt [28,37,39-53,107-116]. In lactose oxidation, it 
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was observed that Pd catalysts resulted in the consecutive oxidation step to 
2-keto-lactobionic acid [37]. Pd is also more prone to deactivation due to 
over-oxidation and self-poisoning [103,116]. This phenomenon will be 
described in section I.8. In this work, we will use mainly Pd, Au and Ru.  
 Gold is known for centuries principally through its chemical inertness 
in the bulk form and its non-reactivity with air. Haruta has shown the 
spectacular performance of supported Au nanoparticles in the oxidation of 
CO [175]. Since then, many studies have been carried out with Au supported 
catalysts and they have all demonstrated the promising future of this metal in 
heterogeneous catalysis [92,176-186].   
 Ruthenium is more often used in catalytic hydrogenation reactions 
because it has shown high activity and selectivity towards the reaction 
products [76,96]. In lactose hydrogenation for example, ruthenium on carbon 
catalysts have shown a high selectivity towards lactose with 5wt.% loaded 
metal. However, severe deactivation is regularly observed during 
consecutive utilizations [96].  
I.6.2.2. Addition of metal promoter to the noble metal 
 In liquid phase catalytic oxidation of carbohydrates, it is regularly 
observed that the addition of a metal promoter (element from p block) to a 
noble metal improves the catalytic performances. In general, it is not active 
on its own but it permits to increase the catalytic activity and sometimes 
even the selectivity [5,38]. For example, Hendriks et al. studied the effect of 
bismuth in the selective oxidation of lactose on supported palladium 
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catalysts [108]. It was shown that the activity could significantly be improved 
as well as for other sugar oxidation reactions.  
 Lead and bismuth are generally used as promoters to improve the rate 
and selectivity of platinum and palladium catalysts. Lots of studies have 
described the positive effect of the promoters on the rate of oxidation 
reactions [52,108,187-193]. This effect is attributed by Mallat et al. to decreasing 
of the size of active sites ensembles and thus suppressing the poison 
formation [194]. According to Besson et al., this effect is probably due to the 
great affinity of Bi for oxygen which acts as co-catalyst by protecting the 
noble metal from over-oxidation [190]. Besides, the presence of a bismuth-
glucose complex at the surface of an active site composed of three Pd atoms 
and one Bi atom may facilitate the oxidation reaction [56]. In addition to these 
electronic and geometric effects, the involvement of soluble Bi in glucose 
oxidation and its interaction with the formed gluconate has also been 
questioned [56-58]. 
 The combination of two noble metals on activated carbon was 
investigated by Prati et al. for alcohol oxidation with Au-Pd/C and it was 
shown that the ratio Au/Pd influences greatly the catalytic performances. 
Indeed, the Au60-Pd40/C catalyst was shown to be the best compromise 
between activity and selectivity for benzyl alcohol oxidation [195]. For the 
selective oxidation of glycerol to glyceric acid, they have shown that Au:Pd 
ratio on the surface of the particles was the key parameter in order to obtain 
optimal catalytic performance [196]. More recently, they have shown that 
using Bi as modifier for bimetallic Au-Pd/C catalysts in alcohol oxidation 
enhanced the selectivity by suppressing parallel reactions [197]. This seems to 
be due to a geometric modification.  
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I.6.2.3. Particle size effect  
 The metal particle size is one of the most important properties of a 
supported catalyst [139,198,199]. In general, small nanoparticles with a size 
below 10 nm and with a narrow particle size distribution are the most active 
[175,200]
. The lower the particle size the higher the dispersion and therefore the 
higher the number of active sites available for the substrate to be 
transformed [201]. Recently, the effect of particle size on the catalytic 
performances has been widely studied due to the development of 
characterization techniques able to determine precisely the size and the size 
distribution of the metallic phase on the catalyst surface [202]. It has been 
described that for gold particles, the optimum particle size should be 2-3 nm 
to obtain the highest activity for CO oxidation [176]. The reaction selectivities 
vary also with the particle size as for example in the hydrogenation of furan 
with Pt nanoparticles [202,203] or in cyclohexene hydrogenation over Pt/silica 
catalysts [204]. Figure I.16 shows the main parameters that can influence the 
particle size such as the metal loading, the support, the precursor, the 
synthesis pH, the activation conditions, etc…[139,168,205-211]. With all the 
parameters that have to be taken into account, an experiments plan can be set 
up.  
 Kluson et al. studied selective hydrogenation of cinnamaldehyde into 3-
phenyl-1-propanol over ruthenium catalysts [212] and they have shown that 
the particle size and morphology of the catalyst can affect greatly the 
selectivity. It has been found that the catalysts having the largest Ru particles 
(10-11 nm) are more selective towards the unsaturated alcohol.    
Chapter I : Introduction 
37 
 Murzin et al. have worked on the oxidation of lactose over palladium 
supported catalysts [113]. They have used three different supports: active 
carbon, microporous alumina and calcium carbonate. An optimum metal 
particle size of 6-10 nm for 5 wt.% Pd/C catalysts has been observed.  
 A recently published review about catalytic oxidation of rare sugars 
with gold catalysts mentioned that the oxidation reactions described in the 
literature exhibit a structure sensitivity of the catalysts used [37]. Indeed, the 
catalyst activity is influenced by the size of Au nanoparticles [127,175,213]. As 
mentioned earlier, the particle size can be controlled by choosing the 
appropriate preparation method and a suitable support [138,214]. For L-
arabinose and D-galactose, it was shown that the catalysts with an average 
particle size of 2 nm were the most active in both reactions. The authors 
explained this result by the fact that the carbohydrates are adsorbed on gold 
atoms having low coordination numbers such as corners and edges, via the 
carbonyl group and the number of low-coordinated atoms has a maximum 
value around 2 nm. When the size is superior to 2 nm, the number of these 
low-coordinated sites is decreasing [37]. However, they have also shown that 
the selectivity towards aldonic acids of L-arabinose and D-galactose was not 
influenced by the size of gold particles. Concerning D-lactose, D-glucose 
and rhamnose, their oxidation over alumina or calcium carbonate supported 
metal catalysts seems to give the highest initial rates when the particle size is 
above 3 nm [69,71,115,213].  
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Figure I.16: Parameters affecting the metal particle size and metal loading in 
the final catalyst [139]  
I.6.2.4. Particle shape effect 
 Many recent studies are devoted to the influence of well-defined shape 
nanoparticles on some catalytic reactions. But these studies deal principally 
with the synthesis of unsupported nanoparticles and their direct influence on 
the catalytic performances [215-222]. However, it is generally accepted that the 
shape of supported nanoparticles also influences greatly the activity or the 
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selectivity in catalysis. Indeed,  Haruta et al. suggested that the catalytic 
activity of gold nanoparticles is strongly dependent on the nanoparticle-
support contact and therefore on the particle’s shape, for CO oxidation [223]. 
In addition, they found several preparation methods able to give different 
particle shapes which were more optimal than spherical particles.  
 The group of Zaera et al. have used colloidal and sol-gel procedures to 
prepare heterogeneous catalysts consisting of Pt metal particles with well-
defined shapes dispersed on high surface area silica supports [224]. They have 
synthesized first tetrahedral and cubic colloidal metal particles in solution by 
using the method used by El-Sayed et al. [225]. The reaction studied was the 
conversion of cis- and trans-2-butenes with hydrogen and it was shown that 
rates of both conversions were similar with the cubic particles but the 
selectivity was much lower when using Pt tetrahedral particles.  
I.6.2.5. Supports effect in heterogeneous catalysis  
 a) Importance of the support and its influence 
 In heterogeneous catalytic process, the support is very important 
because the formation of a given active phase results from active phase-
support interactions that are dictated by the surface chemistry of the support. 
These interactions are responsible for the dispersion of the active phase and 
for its chemical state [4,226-229]. Although supports are usually considered as 
inert, this is not always the case, and they often interfere with the catalytic 
process. Bifunctional catalysts in which highly dispersed noble metals are 
supported on the surface of an acidic carrier have appeared [230-232]. In order 
to achieve a high dispersion, often needed for industrial processes, the 
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supports are typically porous materials that are thermostable. They also need 
to have a sufficient mechanical strength. However, in some cases, the 
support is more or less inert such as α-Al2O3 or zeolites [230-232]. 
 Rossi et al. have studied the influence of the support properties on 
catalyst activity in liquid phase oxidation [233]. They have used five different 
activated carbons and gold as the active phase, which were characterized in 
terms of surface area, porous structure and surface chemical composition. 
They have demonstrated that each carbon affected differently the reactivity 
of the Au/C catalysts in ethylene glycol oxidation. 
 Murzin et al. described the influence of surface acidity in lactose 
oxidation over supported Pd catalysts [102]. They have used beta-zeolite and 
MCM-22 as supports; both of them contain different silica to alumina ratio. 
They have observed that the effect of surface acidity could be divided into 
two parts: one is the positive influence of acidity on the metal dispersion 
during impregnation, the second is the negative effect of acidity during the 
reaction.  
 As shown in the above examples, the support plays an important role in 
the structural characteristics of the final catalyst but it influences also the 
catalytic performances in the considered reaction. In order to understand 
deeply how the catalysts influence these performances, the active phase 
support interactions have to be studied in details [234]. These are largely 
determined by the surface free energies of the support, of the active phase 
materials and by the interfacial free energy between the two components [226-
228]
. Noble metals have high surface free energies [227] and therefore, small 
particles or crystallites tend to agglomerate in order to reduce their surface 
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area [4]. Thus, the stabilization of nanosize metal particles requires deposition 
on the surface of supports which provide favorable metal-support 
interactions. So, the nature of the support for a given metal influences the 
catalytic properties of the metal particle [4]. 
 b) Supports used in this work 
 In this thesis, several supports have been selected: γ-Al2O3, α-Al2O3, h-
BN, carbon xerogels and carbon black. 
 Alumina, naturally existing in bauxite, is a support commonly used for 
catalytic transformations of sugars as mentioned in section I.4 [36,100-103,107].  
Here, we will work with two forms of alumina: gamma and alpha. γ-Al2O3 is 
one of the most used supports in heterogeneous catalysis and even in 
industrial applications. When γ-Al2O3 is heated, it passes through the 
following series of phase transformations [235]: γ-  δ-  θ-  α-Al2O3. 
XRD analyses allow following this transformation (Figure I.17).  
 The use of α-Al2O3 as a catalyst support for catalytic heterogeneous 
applications is less widespread but some studies are described in the 
literature. For example, Pd/α-Al2O3 are used in the selective hydrogenation 
of 1,3-butadiene and acetylene [236,237]. α-Al2O3 has a high melting point, high 
thermal stability, high chemical inactivity and high hardness [238]. It is one of 
the most important ceramic materials and it has been widely used in many 
applications in microelectronics, refractories, optics and lasers [239]. In 
addition, α-Al2O3 is used in catalytic converters as barrier to the diffusion of 
metal from the active powder to the monolith. From a morphological view, 
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α-Al2O3 shows a rhombohedral macroscopic structure like corundum while 
γ-Al2O3 presents a hexagonal structure (Figure I.18).  
 γ-Al2O3 is used as support for refining processes catalysts 
(hydrotreatment, reforming) and also as a co-catalyst for chemical reactions 
involving acidic functions (reforming, isomerization) [303]. Concerning the 
surface chemistry of these two types of alumina, α-Al2O3 presents a low 
amount of hydroxyl functions but also strained Al-O-Al bridges at the 
surface contrary to γ-Al2O3 which exhibits numerous –OH functions [301,302].  
 
 
Figure I.17: XRD patterns of aluminas obtained by calcining γ-Al2O3 during 
24h (starting material = γ-Al2O3 Sigma-Aldrich, SBET ≈ 173 m²g-1) 
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Figure I.18: SEM images of (a) α-Al2O3 and (b) γ-Al2O3 
 Carbon as catalyst support is regularly used [240]. An important advange 
of this support is that it can be burnt to recover easily the metals previously 
(a) 
(b) 
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deposited. Here, two forms of carbon will be employed: carbon xerogels and 
carbon black.  
Carbonaceous supports are generally produced from organic matter like 
wood, coal or agro-food industry waste, they display large surface areas and 
can be used under various forms [128,156,241]. The fact that their textural 
properties as well as the level of contaminant depend greatly on the origin of 
the raw material or of uncontrollable factors like weather conditions and soil 
composition is however a major drawback [123,242,243]. Therefore much 
research has been carried out in order to prepare synthetic carbonaceous 
materials with control over textural properties, composition and surface 
chemistry. The first porous synthetic carbon materials were prepared by 
Pekala by polycondensation of resorcinol and aldehyde using a sol-gel 
preparation method followed by drying and pyrolysis [244]. This method 
remains difficult because it requires drying under supercritical conditions to 
avoid shrinking and cracking of the material. Nowadays, other synthetic 
routes are studied such as the evaporative drying of gels prepared under 
appropriate conditions and with controlled pH, affording highly porous 
carbon materials with controllable pore texture. These are called “carbon 
xerogels” [245,246]. Their advantages are the low amount of impurities and 
control of the porosity, resulting in a better quality of the final carbonaceous 
material.  
 Carbon black is also often used as a catalyst support [247]. It presents a 
series of spherical particles fused together (Figure I.19) and various 
functional groups are found on the surface [248].  It presents a lower total 
surface area than activated carbon but is advantageous because the majority 
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of pores are not microporous, these being responsible for the high surface of 
activated carbon. 
 
Figure I.19: Carbon black structure – Electron microscope image [249] 
 Boron nitride will also be used here as a catalyst support. It is 
isoelectronic to carbon and isostructural to graphite in its hexagonal form 
(Figure I.20). It has a strong mechanical and corrosion resistance, a high 
stability against thermal shock, chemical attacks [250] and oxidation, [251-253] 
which make BN a promising catalyst support for all applications in which 
stability is a parameter of huge importance. It lacks the structural diversity of 
carbon supports and the presence of heteratom functional groups. The 
examples of uses of BN as catalyst support in the literature are essentially 
restricted to processes requiring high temperatures. BN-supported noble 
metals catalysts have been used to abate volatile organic compounds [254], in 
the synthesis of ammonia [255], in oxidation of methanol [256] or in 
hydrogenation of crotonaldehyde [257,258]. Postole et al. studied the 
characteristics of BN and BN-supported oxide systems and their use in the 
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reduction of NOx [259]. They have also used Pt and Pd/h-BN catalysts for the 
complete oxidation of methane [260].  
 
 
 
Figure I.20 (a) h-BN structure (left), carbon graphite structure (right) and (b) 
SEM image of h-BN 
 
(a) 
(b) 
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I.6.2.6. Conclusion 
 All the parameters mentioned above have been described separately but 
it does not mean that these factors have to be considered independently in 
nanocatalysis. Rather, all these factors are interrelated [254]. For example, the 
nature of the support, the nature of the precursor and the preparation method 
employed will all affect the interactions between the final active phase and 
the support. The latter will influence the particle size and shape of the 
metallic particles and it is sometimes very difficult to separate the specific 
role played by each of these parameters in the reactivity of supported 
nanoparticles [261]. 
I.7. Selectivity in sugar transformations 
 In order to evaluate the properties of a catalyst for a heterogeneous 
reaction, three aspects are generally studied: the activity referring to the 
ability to increase the rate of a reaction, the stability meaning its resistance to 
deactivation and finally, the selectivity which refers to increasing the rate of 
a desired reaction.  
1.7.1. Selectivity in heterogeneous catalysis 
 A good catalyst must possess both high activity and long-term stability. 
But its single most important attribute is its selectivity, S, which reflects its 
ability to convert directly the reactant(s) along one specific pathway [125]. 
Selectivity of heterogeneous catalysts strongly depends on their 
chemisorption properties (dissociative/non dissociative, a competitive 
adsorption is often preferred), since this step activates the reactants for the 
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catalytic reaction. Other factors influencing selectivity are the redox 
potential of surface oxygen in selective oxidation, or spatial restrictions 
around a site [1]. Thus, catalytic conversion of CO with H2 strongly depends 
on the ability of the catalyst to dissociate the C-O bond: hydrocarbons will 
be formed if it is cleaved (like in Fischer-Tropsch synthesis over Fe, Co), 
methanol will be obtained if the C-O bond is activated without cleavage 
(Cu), and higher alcohols may be formed on surfaces that stabilize both 
dissociated and undissociated forms.  
 In heterogeneous hydrocarbon oxidation, some factors affecting 
selectivity have been highlighted [343-346]. For example, the manner in which 
the hydrocarbon reactant is adsorbed on the surface is a crucial factor 
because the stability of the surface intermediate will determine its lifetime on 
the surface and its susceptibility/ability to carry out partial or total oxidation 
[343]
. The role of oxidation state of the surface, related to the reducibility of 
the surface and metal oxygen bonding was also shown to influence 
selectivity [343]. The surface structure and more precisely the exposed crystal 
face influence clearly the selectivity [344,345]. A study on propylene oxidation 
comparing silica-supported molybdenum oxide with macroscopic crystallites 
reported results indicating that the reaction was structure sensitive: various 
products were formed in function of the exposed crystal faces [346]. The sites 
responsible for selective oxidation were suggested to be low-coordination 
molybdenum centers present in the supported samples and on the edges of 
crystallites.   
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I.7.2. Sugar oxidation 
 In sugar oxidation reactions selectivity losses are observed when 
consecutive oxidation of the desired product occurs. For glucose oxidation, it 
follows the path: glucose  gluconic acid  2-keto gluconic acid. Most of 
the time, a metal promotor is used to improve the selectivity of Pt and Pd 
catalysts and besides to prevent metal overoxidation to take place [38]. 
Indeed, because of the higher affinity of Bi for oxygen, it acts as a co-
catalyst protecting Pd from over-oxidation [190].  Au/C catalysts have been 
used for glucose oxidation and it was shown that when increasing pH values 
from 7 to 9.5, the selectivity towards gluconic acid decreased because of the 
favoured isomerization of glucose to fructose [69]. This was observed also for 
other oxidation reactions [43,65,69].  
  Mirescu et al. studied the oxidation of glucose and lactose over 
Au/TiO2, Pd/α-Al2O3 and Pt/α-Al2O3 [65]. The selectivity was the highest for 
gold catalysts (≥ 99.5 %) followed by respectively Pd ( ∼ 96 % for both 
reactions) and Pt (∼ 80 %). They have also used Au/α-Al2O3 and the change 
of support did not have any influence on the selectivity for lactose oxidation. 
By increasing the carbohydrate concentrations, the selectivity remained 
unchanged [65]. However, by increasing the reaction temperature from 40 to 
60 °C, a loss of selectivity was observed for both reactions but no 
explanation of such observation was mentioned [65,108]. Hendriks et al. have 
shown that for lactose oxidation, at pH > 10, the selectivity decreases. At pH 
= 9, if the temperature is superior to 60°C, the selectivity is lower because of 
the formation of lactulose and of 2-keto lactobionic acid [106,108]. It is 
generally observed that during the catalyst recycling, the selectivity stays 
high for Au/α-Al2O3 contrary to Pd/α-Al2O3 for glucose and lactose 
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oxidation. This was also observed for arabinose oxidation with the same 
catalysts [43]. For the latter, to increase the temperature from 50 to 70 °C had 
no effect on arabinonic acid selectivity [43]. In addition, the oxygen flow rate 
was changed and again, no effect on selectivity was observed.  
 Hendricks et al. have shown for lactose oxidation over Bi-Pd/C 
catalysts that whatever the lactose conversion, the Bi to Pd molar ratio does 
not influence at all the selectivity. However, at conversion > 80 %, the 
corresponding unpromoted Pd/C catalyst exhibited a loss of selectivity [108]. 
The effect of Pd dispersion in lactose oxidation has been studied over Pd/C 
catalysts and it was shown that the higher the metal dispersion the lower the 
selectivity in lactobionic acid [113]. A high dispersion meaning usually small 
particles, we could conclude that too small particles are detrimental for the 
selectivity. But, even though the catalytic activity was shown to be greatly 
dependent on the particle size, it is not clearly shown for the selectivity. 
Indeed, in a study of arabinose and galactose oxidation into their 
corresponding aldonic acids, the selectivity was not influenced by the 
different gold particle sizes [37]. 
 The results described in the literature focus mainly on the influence of 
reaction conditions and catalyst structure on the catalytic activity but not on 
the selectivity. Even though the latter was shown to be greatly dependent on 
the reaction conditions used, on the metal particle size and on the noble 
metal composing the active phase, no further explanations were given [28].  
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I.7.3. Sugar hydrogenation 
 The studies about sugar hydrogenation reactions are quite scarce in the 
literature. These reactions can be complex and influenced by a number of 
factors including: reaction parameters for catalytic testing, metal-support 
interactions or metal and support nature [123]. 
 Lactose hydrogenation was studied by Kuusisto et al. over sponge 
Nickel catalysts and the selectivity in lactitol was shown to increase with 
higher hydrogen pressure and lower temperature reaction [95,96]. Even though 
lactulose formation takes place generally at high pH values, they have 
observed that, without changing the initial pH, a higher reaction temperature 
(> 110 °C) increased lactulose and lactulitol formation while the effect of 
hydrogen was less pronounced on these two products [95,96]. Besides, acidity 
and high reaction temperature increase lactose hydrolysis reaction and thus, 
galactitol and sorbitol formation (see Figure I.7). By decreasing H2 pressure 
(< 50 bars) lactobionic acid, galactitol and sorbitol formation increased. In 
another work, they have used Ru/C, Ru/TiO2, Ru/SiO2 and Ru/Al2O3 
catalysts [76,96]. In all cases, lactitol selectivities were superior to 90 % with 
small amounts of lactulose, lactulitol, sorbitol, galactitol and lactobionic acid 
as by-products. Again, no rationale for improved selectivity was given. 
I.8. Diffusion 
 In heterogeneous catalysis, mass transfer limitations play an important 
role on the reaction rate [262,263]. This is because the solid catalyst is in a 
different phase from the reactants and products which are generally in the 
liquid or in the gas phase. The reaction rate is therefore highly dependent on 
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mass transfer or diffusion processes occurring between these various phases. 
The reaction takes place when the reactant is in contact with the active sites. 
These are generally located inside the pores. Two types of diffusion are 
distinguished: external diffusion refers to the diffusion of the reactant 
through the fluid layer surrounding the catalyst particles, and internal 
diffusion (or intragranular) refers to the diffusion through the pores. For a 
catalytic reaction, seven steps are classically described (Figure I.21): (1) 
diffusion of the reactant from the bulk phase to the external surface of the 
catalyst, (2) diffusion of the reactant inside the pore (intraparticle diffusion), 
(3) adsorption of the reactant on the inner catalytic surface, (4) reaction at 
specific active sites on the catalyst surface, (5) desorption of the product(s) 
from the inner surface, (6) diffusion of the product from inside the pore to 
the external surface, (7) diffusion of the product to the bulk fluid [262,263].  
 When a chemical reaction occurs on a surface: “the rate of mass transfer 
to the reactive surface (intraparticle diffusion) is in steady state and equal to 
the rate of reaction” [263]. In the case where the diffusion or mass transfer 
steps (1,2,6,7) are very fast, no resistance of the mass transfer from the bulk 
to the particle surface and from the particle surface to the active site in the 
pore appears. So, the concentration around the catalyst sites is the same as 
that of the bulk. In this case, the mass transferring steps do not affect the 
reaction rate. If the diffusion from the bulk to the catalyst surface is slow, the 
external mass transfer resistance is non-negligible and becomes an important 
factor influencing the reaction rate and in this case, we are in a situation 
called “diffusional limitations”.  
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Figure I.21: Steps of heterogeneous catalytic fluid-solid reaction carried out on 
a porous catalyst 
 Another problem that can appear is the total occupancy of the active 
sites by the reactant. In this case, the rate limiting factor is the surface 
reactivity. This can be evaluated by decreasing the catalyst amount. The 
number of active sites being decreased, the reaction rate should decrease in 
the same proportions [264,265].  
 Diffusional limitations have to be avoided and this is why it is better to 
have high accessibility to the the active phase. This can be achieved by 
controlling the porosity and the granulometry of the support. In the absence 
of diffusional limitations, the rate of a catalyzed reaction will be proportional 
to the surface area of the active components. Therefore, the active phase also 
has to be in the form of the smallest possible particles. Dispersion is thus an 
important parameter in heterogeneous catalysis (Figure I.22).  
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Figure I.22: Dispersion of the metallic particles on a support 
I.9. Catalyst deactivation and regeneration  
 A good catalyst shows a high activity, but it is not the only important 
property of a catalyst. Indeed, a high selectivity for the desired product is of 
great importance as well. In addition, activity and selectivity need to be 
preserved as long as possible. An ideal catalyst would never change and 
should have an eternal life [266,267]. Of course, in practice, it is not the case. 
There are commonly five main causes of deactivation: poisoning, fouling, 
thermal degradation (sintering, evaporation), mechanical damage and 
corrosion/leaching (Figure I.23).  
 
Figure I.23: Major types of deactivation in heterogeneous catalysis [266] 
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 According to Moulijn et al., poisoning is defined as deactivation by 
strong adsorption of impurities present in the medium. Poisoning can be 
selective when only the active sites are poisoned or when both the active 
sites and the support surface are poisoned [266].  The term “fouling” is used 
when a surface is covered with a deposit. Thermal degradation is a physical 
process which leads to catalyst deactivation because of sintering or chemical 
transformations. Sintering is the loss of active surface of the catalyst because 
of a crystallite growth in the active phase. Thermal degradation can occur in 
all steps of the catalyst life cycle. Leaching consists in the loss of the active 
phase by dissolution during the catalytic test [266].  
 In liquid phase oxidation, noble metals supported catalysts can undergo 
deactivation that is irreversible due to modification of the catalyst structure 
usually by metal sintering or leaching. A reversible deactivation can also 
occur due to poisoning of the metal surface by strongly adsorbed species 
such as impurities, products, by-products or oxygen [38]. The latter is called 
“over-oxidation” or “oxygen poisoning” [38,176-179]. Lots of catalyst 
deactivation examples are described in the literature [179,268-273]. The group of 
Schuurman has shown that a moderate sintering of Pt catalysts from 2.2 to 
3.2 nm appeared in methyl-α-glucoside oxidation [274]. Pd catalysts are in 
general more prone to deactivation by poisoning compared to Au for 
example [275,276].  
In function of the catalyst deactivation cause during the catalytic test, 
regeneration methods can be applied in order to render them reusable. It is 
important to identify the deactivation causes in order to be able to limit it 
[276]
. Some causes are irreversible as mentioned above so it is better to act in 
Chapter I : Introduction 
 
56 
a preventive way by adapting the active phase choice, the support, the 
particle size or the reactions conditions [266]. 
 When poisoning is the problem, a more robust active phase or support 
can be envisaged [266]. Sintering and evaporation and sometimes leaching 
also can be eliminated by redispersing the catalytic material or restoring the 
active sites by chemical vapor deposition (CVD) type treatment [266]. 
Deactivation causes are often not independent from each other: for example 
sulphur adsorbed on a Pt catalyst will act as poison and at the same time 
cause a higher mobility of Pt particles leading to sintering phenomena 
[266,267]
. 
I.10. Objectives and methodology 
 As mentioned above, sugars are an interesting source of raw materials 
because they are renewable. We have seen that many compounds interesting 
for fine chemistry can be produced from sugars. Most of the chemo-catalytic 
processes that convert sugars into specialty chemicals in the industry imply 
mainly fermentation or enzymatic steps. Ideally, these transformations 
should be carried out in water, with recyclable catalysts. This work is 
focused on one particular sugar: lactose. Two transformations will be 
studied: the selective oxidation of lactose into lactobionic acid and the 
selective hydrogenation of lactose into lactitol (Figure I.24). The former has 
been already widely studied in the literature but the main problems 
encountered are a non-optimal selectivity in the desired product and the 
noble metal leaching during catalytic tests preventing the application of 
heterogeneous catalytic lactose transformation at industrial scale. 
Concerning lactose hydrogenation, Ru/C catalysts have been essentially 
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used, in the literature, to carry out this transformation and a weak selectivity 
implying the formation of undesired products was often observed. In 
addition, most of the studies are devoted to the influence of the conditions 
employed during the catalytic tests but the reasons for deactivation, noble 
metal poisoning or structure-reactivity relationships are rarely mentioned.  
 
 In this work, we would like to explore the structural properties of the 
catalysts needed to carry out both oxidation and hydrogenation of lactose. 
The main emphasis will be on the former. In heterogeneous catalysis, it is 
known that an ideal supported catalyst should exhibit a homogeneous 
distribution of metallic particles of controlled sizes and particularly for 
sugars transformations that are structure-sensitive. The support plays an 
important role in the final distribution of these particles on the catalyst 
surface. Hence, we will vary the supports nature and active phase metallic 
precursors. Several preparation methods will be implemented in order to 
obtain different catalysts with varying characteristics.   
 
 
Figure I.24: Lactose oxidation into LBA and into LAH 
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This study on the catalytic oxidation of lactose starts with the 
investigation of the influence of two different supports and their 
functionalization followed by metallic precursor grafting and activation. 
Alumina and carbon are the most common supports used for this reaction 
and will be used here under the forms γ-Al2O3 and carbon xerogels with 
palladium as noble metal. The first part of Chapter II will be devoted to the 
preparation of palladium supported catalysts by grafting and anchoring on 
alumina. In the literature, the majority of described processes employed to 
fix the metal precursor onto the support are not well defined and most of the 
time unappropriated. In addition, when grafting is the preparation method 
used, no experimental evidence that a grafting occurred is given. In general, 
the precursor is reduced at the surface of the support which makes it difficult 
to obtain the grafting proof. The first objective of this Chapter was to set up 
a precise methodology to prove that grafting or anchoring actually occurred. 
A rigorous selection of the support treatment, the Pd precursors and the 
syntheses conditions will be done. The second part will cover the 
functionalization of carbon xerogels for the preparation of Pd catalysts by 
grafting.  In both cases, if the Pd precursor exchanges one of its ligands with 
a function on the surface without changing its oxidation state (PdII), a formal 
proof of the grafting will be obtained. All the prepared catalysts will then be 
tested in the oxidation of lactose in order to study the influence of such 
support functionalization and grafting or anchoring on the activity and 
selectivity in lactobionic acid. 
 Then, a totally novel support for lactose transformations will be 
investigated: hexagonal boron nitride. The objective is to study the impact of 
using a very inert support in liquid phase transformations in terms of catalyst 
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preparation, activity, selectivity and stability. Indeed, in general, BN is used 
for gas phase transformations at high temperatures. Pd/h-BN and Pd/α-Al2O3 
catalysts will be synthesized by dry impregnation or deposition-precipitation 
and compared. The influence of several parameters such as the synthesis 
method, the nature of precursor or reducing agent on the structural 
characteristics and on the catalytic performances will be investigated. This 
will compose Chapter III.  
 
 In Chapter IV, the optimal range of particle size and Pd dispersion 
within Pd/h-BN catalysts for high activity and selectivity in lactose oxidation 
will be investigated. Several parameters in the preparation of Pd/h-BN 
catalysts will be varied in order to obtain samples presenting different ranges 
of palladium particle sizes at the catalyst surface. Two synthesis methods 
will be used: wet impregnation and aqueous impregnation which differ 
essentially by the impregnation solvent, the precursor nature, and the 
reducing agent. Indeed, the optimization of the support-precursor 
interactions will produce a better distribution of metallic particles on the 
support. In addition, the reducing agent is well known to influence the 
particle size distribution of the active phase on the support.   
 
 Chapter V will refer to the evaluation of gold as the active phase for 
lactose oxidation. The combination of the high catalytic activity of gold as 
active phase with boron nitride as support will be studied and compared with 
Pd/h-BN catalysts. Boron nitride will be the main support employed but it 
will be compared to α-Al2O3, γ-Al2O3 and carbon black. In this last chapter 
on oxidation, the recycling of Au-based catalysts will be investigated for 
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lactose oxidation. Besides, regeneration of some catalysts by two methods 
will be described.  
 
 Chapter VI will be devoted to the lactose hydrogenation reaction. 
Again, the use of boron nitride as support in this reaction is new. Its potential 
as a catalyst support will be evaluated and we will try to understand the 
needs in terms of structural properties to obtain a good activity and 
selectivity in lactitol. This study will be conducted in direct comparison with 
the oxidation of lactose in order to assess if a same Pd/h-BN catalyst is able 
to carry out both transformations. α-Al2O3 and γ-Al2O3 alumina supports will 
also be used to compare the influence of the hydroxyl groups on the 
activity/selectivity in the considered reaction. Finally, ruthenium as active 
phase supported on boron nitride will be also evaluated in lactose 
hydrogenation. 
 
 The main goal of this thesis is to establish structure-activity 
relationships for noble metals supported catalysts in lactose oxidation and 
hydrogenation. For that purpose, the catalysts will be characterized by a 
combination of XPS, XRD, SEM, TEM and CO chemisorption. The 
characteristics for optimal performance will be identified from 
characterization data in relationship with catalytic results.  
 
 
  
 
 
 
  
Chapter II 
PREPARATION OF PALLADIUM CATALYSTS ON 
FUNCTIONALIZED SUPPORTS 
 
 
In heterogeneous catalysis, the support plays an important role in 
the structural characteristics of the final catalysts obtained. In addition, it 
will influence the catalytic performances of the materials in the considered 
reaction. Here, the impact of the support functionalization on the catalyst 
structure and on the catalytic activity and selectivity in the oxidation of 
lactose will be investigated. The chapter is divided into two main parts. 
Firstly, alumina supported Pd catalysts will be prepared by grafting or 
anchoring. The methodology used to prove the grafting and anchoring will 
be detailed. Then, the influence of the obtained materials on the catalytic 
performances will be studied. In the second part of this chapter, the 
preparation of palladium supported on functionalized carbon xerogels will 
be described. The influence of the hydroxyls groups present on the support 
on the activity and selectivity in lactobionic acid will be described. 
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II.1. Introduction 
In heterogeneous catalysis, it is known that the support influences the 
final characteristics of the catalysts and of course their catalytic 
performances. In general, an appropriate support is inert, stable in the 
reaction conditions employed, has usually a high surface area and high 
porosity. Moreover, the presence of chemical functions at its surface is 
preferred [6]. The supports that combine these characteristics and that are 
industrially used in heterogeneous catalysis are alumina, silica and carbon 
for example [240]. In relation to that, an important role of the support is to 
finely disperse and stabilize metallic particles to provide access to a large 
number of active sites for the substrates that have to be transformed [156]. 
Indeed, an ideal supported catalyst should exhibit a homogeneous 
distribution of metallic particles of controlled sizes [277], especially for 
hydrocarbon transformations that are structure-sensitive [198]. For example, 
Haruta showed that oxidation reactions such as CO combustion or 
hydrocarbon oxidation are structure-sensitive because the catalytic activity is 
influenced by the size of supported gold nanoparticles that have to be 
smaller than 5 nm to exhibit high activity and selectivity [175]. 
It is obvious that the smaller the metallic particle size the higher the 
metallic dispersion on the surface of the catalyst [198]. A high dispersion is 
often considered as an advantage [6] but a too high dispersion could also lead 
to catalysts that are less selective because they give by-products or get easily 
poisoned.  
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In order to obtain some control on the metallic dispersion, the metallic 
precursors can be attached to specific surface sites before reduction. For 
example, grafting of metallic precursors on oxygenated functions previously 
introduced on carbon supports (activated, black, nanofibers and nanotubes) 
led to a better particle size control [156,278]. The introduction of these functions 
at the support surface is called functionalization [156,149,159].  
A good candidate for the functionalization is activated carbon which 
presents mainly oxygen-containing acidic groups usually identified as 
carboxyl, lactones and phenol groups [6]. To increase the number of these 
functions, an oxidative treatment in the gas or liquid phase can be applied. In 
the liquid phase, it involves stirring solid carbon in an oxidative solution 
such as HNO3 or H2O2 [150,279-289].  
This functionalization step plays an important role on the final metal 
dispersion and on the catalytic activity in the considered reactions [159,157]. It 
has been demonstrated by the group of Skrovanek that correlations exist 
between the number of oxygenated surface groups and the catalytic activity 
[157]
. They have shown that preoxidation of polymer-derived carbons lowered 
catalyst activity while preoxidation of a carbon black composite supports 
increased it. In another study, a correlation was found between the amount of 
surface oxygen groups on carbon and the palladium dispersion in the Pd/C 
catalysts [159]. In addition, resistance to sintering might depend on the number 
of oxygen surface groups on the support [155]. Indeed, the functionalization of 
carbon could limit the migration of metallic particles during catalytic tests 
[155]
. In some papers, Pt/C catalysts have been studied and it was shown that 
the dispersion and stability of these catalysts towards sintering increases 
with the number of surface oxygen groups [155,290]. Other authors [291-293] 
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concluded the opposite showing that the presence of oxygen functionality 
results in a low dispersion of metal and a poor resistance to sintering. 
Finally, the functionalization also affects the textural characteristics such as 
the pore sizes, the surface area and the hydrophilicity of the support [279,155].  
As mentioned earlier, carbohydrate oxidations are structure-sensitive 
and a control of the dispersion and particle size distribution is important 
[37,69,175,213]
. In this work, we will focus mainly on lactose oxidation. The 
commonly used supports for this reaction are activated carbon [38,100,108], 
alumina [65,76,101-103,111] and to a lesser extent mesoporous silica. In this 
chapter, the influence of two supports and their functionalization followed 
by metallic precursor grafting or anchoring, on the catalytic performances, 
will be investigated. The first part will be devoted to the preparation of 
palladium supported catalysts by grafting and anchoring on alumina. The 
second part is about the functionalization of carbon xerogels for the 
preparation of Pd catalysts by grafting.  
II.2. Palladium supported catalysts prepared by grafting 
or anchoring of metal precursors on γ-Al2O3 
The results described here were obtained in collaboration with Yannis 
de Coster during his Master thesis [294].  
 The majority of heterogeneous supported catalysts described in the 
literature are prepared by deposition of transition metals on oxide-type 
supports. The ultimate aim is to obtain a high dispersion of the active phase 
on the support. However, most of the described processes used to fix the 
metal precursor onto the support are poorly defined.  
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 The following terms are used to describe the metal compound/support 
interactions: “supported”, “adsorbed”, “fixed”, “immobilized” or “dispersed” 
[1,146,147,295,296]
. These fixed compounds are then reduced to supported metallic 
particles. In addition, many studies about catalyst preparation in the 
literature report alternative methods such as grafting or anchoring without 
providing real experimental proof of the occurrence and success of these 
processes. For example, the group of Persson et al. realized a study 
concerning the preparation of alumina-supported palladium catalysts for 
complete oxidation of methane. In their work, the authors mentioned that the 
catalysts were prepared by four methods including grafting taking place at 
117°C in butanol [297]. At this stage, the catalyst was not characterized to 
prove grafting but it was calcined at 1000°C which gives PdO/Al2O3 as 
active catalyst. A recent study dealing with the preparation of Pd-“grafted” 
on porous metal-organic framework was realized which did not demonstrate 
either that grafting really occurred because the catalyst was prepared by 
simple impregnation and reduced into Pd0 nanoparticles [298]. An alumina 
supported Pd catalyst was prepared by sol-gel from Pd(acac)2 [299]. It was 
shown by FTIR, UV-vis and 27Al NMR that during ageing of the gel a bond 
between Pd and Al precursor was created by ligand exchange. The reactivity 
of Pt(acac)2 with Al2O3 pre-treated to give different hydroxylated surfaces 
was also studied by IR and UV-vis spectroscopies. Only dehydroxylated 
alumina (by treatment at 350°C) allowed surface reaction by ligand 
exchange [300]. 
 Here, we will refer to definitions of grafting and anchoring as proposed 
by Lambert and Che [147]. As mentioned in the general introduction, grafting 
will refer to the case where the native surface groups of the support are 
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covalently bonded to a metallic centre and take part in its internal 
coordination sphere, thus acting as ligands. Anchoring will refer to the case 
where the metal atom of a complex is connected to the surface by a spacer 
arm via a series of covalent bonds [147].  
 In this section, the grafting and anchoring of Pd complexes on gamma-
alumina will be first studied in order to provide experimental proofs of the 
grafting/anchoring success. The appropriate conditions favourable to 
grafting or anchoring processes were determined via the choice of the 
support, the precursor and the solvent. Secondly, the influence of such 
preparation procedures on the final characteristics of the activated material 
will be studied. To measure this impact, the grafted/anchored Pd species 
were coalesced into alumina-supported Pd0 nanoparticles by thermal 
activation before being tested in the selective oxidation of lactose.  
 
 In order to gather proofs allowing to confirm or infirm the hypothesis of 
covalent grafting  or anchoring of palladium complexes on alumina surface, 
a precise methodology was set up for both grafting and anchoring studies 
(Figure II.1). Concerning grafting, the first step consisted in the treatment of 
alumina by drying under vacuum or calcination under air. These two treated 
aluminas present different surface properties that have been studied and 
compared. The second step was the choice of appropriate precursors. These 
have been selected in function of their ease at undergoing ligand exchange 
reactions and their facility to be analyzed spectroscopically. Formal proof of 
grafting would indeed be obtained if the Pd precursor exchanges one of its 
ligands for surface hydroxyls without changing its PdII oxidation state. 
Solubility tests have been carried out to determine the most appropriate 
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solvent for each precursor. Mechanical mixtures were prepared in a medium 
in which the precursor was not soluble, whereas the wet impregnations were 
done in a solubilising solvent. All samples obtained were analyzed by 
Raman spectroscopy. Finally, reactions under reflux conditions were carried 
out in order to ensure optimal conditions for grafting. Next to Raman 
spectroscopy, XPS was used to quantify the amount of Pd at the alumina 
surface and the presence of PdII oxidation state which would prove the 
grafting mechanism.  
 
 Concerning the anchoring study, the methodology was quite similar: the 
alumina was firstly treated by drying under vacuum and the most appropriate 
silanes permitting the anchoring of Pd complexes were selected. Then 
functionalization of the support via silane grafting at the surface by reaction 
with the surface hydroxyl groups was carried out. The precursors and the 
solvents were chosen for Pd anchoring on these functionalized supports. 
References reactions with non-functionalized supports have been tested as 
well in order to make comparisons. Raman, XPS on the solids and AAS on 
the filtrates permitted to verify the anchoring success.  
 
 The samples prepared as described in the section “direct grafting – wet 
impregnation” will be noted G-(WI)-sample number. Those prepared as 
described in the anchoring section will be noted A-sample number (ref/Si1N 
or Si2N) when prepared on unfunctionalized alumina or functionalized 
alumina with the silane-1N or 2N. For the activated catalysts, the letter a in 
lower case will be added in the designation. The detailed synthesis methods 
and characterization techniques employed are described in the Experimental 
part (Chapter VIII – section VIII.1.1 and VIII.7).  
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Figure II.1: Methodology used for (a) grafting and (b) anchoring studies 
II.2.1. Direct grafting on the surface 
II.2.1.1. Materials selection 
Two support pretreatments were carried out on the support: drying 
under vacuum or calcination under air. The commercial support γ-Al2O3 (S 
BET = 60 m²/g) has a highly hydrated surface under ambient conditions which 
could limit the access for palladium complexes to the surface hydroxyl 
groups (Figure II.2 (b.1)). By opposition, when alumina is dried under 
vacuum at 150°C for 16h, it displays a surface without this excess of water 
molecules (Figure II.2 (b.2)) [301,302]. When γ-alumina is calcined at 550°C 
for 16h, the support presents a lower amount of hydroxyl functions, but more 
strained Al-O-Al bonds at the alumina surface (Figure II.2 (b.3)) which 
could give higher reactivity with the complex. Indeed, to decrease the 
tension present in these types of bonds, it could open up and react easily with 
(a) (b) 
Chapter II: Pd catalysts on functionalized supports 
 
70 
a precursor. Figure II.2 (a) shows that the higher the heating, the lower the 
number of hydroxyl groups (peak at 3400 cm-1) on the surface. This 
influences the grafting behaviour. 
Several palladium precursors were chosen (Figure II.3), which exhibit 
specific fingerprints in their Raman spectra (see Supplementary Information 
Chapter IX – IX.1). The precursor selection was based on their facility to 
exchange some of their ligands and the easy quantification of atoms like 
fluorine by XPS permitting to evaluate the efficiency of the exchange 
reaction. Pd(acac)2 was selected because it is a common precursor reported 
in the literature for covalent grafting on alumina [297,300].  
 
Pd(CF3CO2)2(bipy) will exchange the trifluoroacetate ligands more 
easily than bipy, being a more stable chelate. Cl will be easily echanged in 
PdCl2(PhCN)2.  
 
TGA measurements and elemental analyses of each precursor were also 
carried out in order to determine the thermal stability and the composition of 
the complexes (see Supplementary Information Chapter IX – section IX.2 
and IX.3). 
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Figure II.2: Comparison of the three alumina supports by infrared 
spectroscopy 
 
 
Solubility tests (Table II.1) were realized to determine the most 
appropriate conditions to permit grafting of these various precursors. 
Pentane was chosen for the synthesis in a non-solubilising medium. For the 
wet impregnations, toluene or acetonitrile were used in function of the 
precursor solubility.  
(b.1) (b.2) (b.3) 
(a) 
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Figure II.3: Palladium precursors selected for the grafting study 
 
Table II.1: Solvents used for each precursor based on solubility tests 
Precursor 
Solubilising  
Medium 
Non-solubilising  
medium 
[Pd(acac)2] Toluene Pentane 
[Pd(CF3CO2)2(bipy)] Acetonitrile Pentane 
[Pd(CF3CO2)2] Acetonitrile Pentane 
[PdCl2(PhCN)2] Acetonitrile Pentane 
II.2.1.2. Mechanical mixtures 
The goal of the mechanical mixtures is to have control experiments. 
Indeed, in these cases, no reaction should take place between the precursor 
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and the support meaning no grafting should occur. The mechanical mixtures 
were realized by bringing in contact the precursor and the support in a 
medium in which the former was not soluble. The mixture obtained in the 
case of [Pd(acac)2] for example was analyzed by Raman spectroscopy in 
order to compare it with the spectra of the support or the precursor alone 
(Figure II.4).  
 
Figure II.4: Raman spectra of: (a) γ-Al2O3 (b) [Pd(acac)2] and (c) mechanical 
mixture [Pd(acac)2]/γ-Al2O3 
 
 
(a) (b) 
(c) 
Chapter II: Pd catalysts on functionalized supports 
 
74 
The Raman spectrum of the mixture gives a perfect superposition of the 
two separate components proving that no grafting reaction occurred. The 
same observation could be made for [Pd(CF3CO2)2(bipy)]. In the case of 
[Pd(CF3CO2)2] and [PdCl2(PhCN)] with the two treated alumina supports, 
decomposition of the precursor was observed. In the Raman spectra of the 
mechanical mixtures, the peaks corresponding to the precursor were not 
present anymore. In addition, a colour change was observed during the 
mixing process.  
II.2.1.3. Wet impregnation syntheses 
Here, the precursor and the support were introduced in a solvent in 
which the precursor was soluble. Under these conditions, ligand exchange 
can be expected between the precursor and the surface –OH groups. Several 
combinations were tested (Table II.2). The results obtained for the two 
precursors [Pd(acac)2] and [Pd(CF3CO2)2(bipy)] did not show any proof of 
ligand exchange because the Raman spectra displayed, as for the mechanical 
mixtures, either the peaks of the intact precursor or a precursor 
decomposition (see Supplementary Information Chapter IX – IX.4 and 
IX.5).  
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Table II.2: Wet impregnation syntheses: combinations tested 
Precursor Support Solvent Conditions 
Pd(acac)2 γ-Al2O3 Toluenea 30 min USc 
Pd(acac)2 γ-Al2O3 Toluenea 30 min US + 24h stirring 
Pd(CF3CO2)2(bipy) γ-Al2O3 Acetonitrilea 30 min USc 
Pd(CF3CO2)2(bipy) γ-Al2O3-c Acetonitrileb Stirring 24 h 
Pd(CF3CO2)2(bipy) γ-Al2O3-d Acetonitrileb Stirring 24 h 
a work up : vacuum drying b work up : filtration             c US = Ultrasound 
II.2.1.4. Wet impregnation under inert atmosphere 
Syntheses under reflux in inert atmosphere were performed in order to 
be in optimal conditions to allow covalent grafting by ligand exchange. A 
high temperature favours kinetically the reaction efficiency. Besides, the 
inert atmosphere protects the reagents from decomposition. XPS was used to 
characterize all the samples and to determine the oxidation state of Pd at the 
support surface. Indeed, a shift in the binding energy of Pd is observed when 
Pd0 is present rather than PdII (see SI – Chapter IX – section IX.6). The 
proportion of Pd0 and PdII is evaluated by superposition of spectra but an 
exact quantification is not possible in the analyses conditions applied (low 
resolution during spectra acquisition and exposure of the samples to the air 
which can oxidize Pd spontaneously). 
a) Syntheses in toluene by grafting 
The solid samples and their filtrates after 24h reaction were analyzed by 
Raman spectroscopy (Figure II.5 (a) and (b)). On the dried alumina (G-WI-
1), the peaks in the Raman spectrum corresponds to the fluorescence due to 
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metallic palladium (Figure II.5 (a)). The precursor was partially decomposed 
during the synthesis but an intact part of it could be detected in the Raman 
spectrum of the filtrate. In the case of the solid G-WI-2 prepared with 
calcined alumina, no peak at all was observable for the solid (Figure II.5 (b)) 
meaning that most of the precursor remained in the filtrate as shown on 
Figure II.5 (d). XPS characterization showed the presence of Pd0 in both 
cases and a very weak atomic Pd % at the alumina surface proving the 
partial decomposition of the precursor (Table II.3). This is probably due to 
the high temperature used during 24h. The duration was then reduced to 2h 
and the results were similar: Pd0 was present on both supports, and the 
majority of the precursor was retrieved in the filtrate. Nevertheless, for G-
WI-3, prepared on dried alumina, a small proportion of PdII was observed by 
XPS which could correspond to grafted palladium. For this reason, the 
subsequent syntheses were carried out for only 2h in all cases.  
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Figure II.5: Raman spectra of (a) G-WI-1 solid (b) G-WI-2 solid (c) G-WI-1 
filtrate (d) G-WI-2 filtrate 
 
Table II.3: XPS results for the catalysts prepared in toluene with [Pd(acac)2] 
Code Support Reaction 
time 
Pd/Al % at. Pd Qualitative 
Pd0/PdII a 
G-WI-1 γ-Al2O3-d 24 h 0.016 0.56 Pd0 
G-WI-2 γ-Al2O3-c 24 h 0.021 0.73 Pd0 
G-WI-3 γ-Al2O3-d 2 h 0.057 1.80 Pd0 >>> PdII 
G-WI-4 γ-Al2O3-c 2 h 0.014 0.48 Pd0 ∼ PdII
 
 a
  > : bigger amount   Pd0 ∼ PdII: similar proportions 
(a) (b) 
(c) (d) 
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b) Syntheses in acetonitrile by grafting 
The precursors [Pd(CF3CO2)2], [Pd(CF3CO2)2(bipy)] and 
[PdCl2(PhCN)2] have been tested on both treated aluminas. Concerning 
[Pd(CF3CO2)2(bipy)], no fluorescence appeared on the Raman spectrum of 
the solid obtained after 2h reaction under reflux meaning probably that no 
Pd(0) was formed. The major part of the precursor was found in the filtrate 
(Figure II.6). However, the XPS results showed the presence of Pd0 and PdII 
for G-WI-5 and only PdII for G-WI-6 which could be ascribed to a grafting 
of the precursor. However, G-WI-5 exhibits F/Pd ratio much higher than 6 
which would be the highest ratio if no ligand losses appears. This 
unexpected value can result from an unsufficient whashing during the 
precursor synthesis, or to complex decomposition with ligand non selective 
adsorption at the surface. The F/Pd ratio is 2.22 for the latter suggesting the 
loss of at least one CF3CO2- ligand which would confirm grafting at the 
surface (Table II.4). Concerning the precursor [Pd(CF3CO2)2], Pd0 was 
detected by XPS in addition to fluorescence observed by Raman 
spectroscopy meaning that decomposition took place on both aluminas used. 
For [PdCl2(PhCN)2], the same observations as for [Pd(CF3CO2)2(bipy)] 
could be made. The two samples prepared from this precursor on the dried or 
calcined alumina presented a high amount of PdII at their surface as analyzed 
by XPS. The N/Pd and Cl/Pd ratios were relatively low confirming the 
possible covalent grafting by ligand exchange (Table II.4). The ratios Cl/Pd 
and N/Pd are close to zero suggesting that all the ligands disappeared. If only 
one Cl ligand is exchanged, the ratios should be equal to Cl/Pd=1 and 
N/Pd=2. If the two chlorine are exchanged, then Cl/Pd=0 but N/Pd=2. In 
summary, grafting was successful for [Pd(CF3CO2)2(bipy)] on calcined 
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alumina (G-WI-6), and may be for [PdCl2(PhCN)2] on both treated aluminas 
(G-WI-9 and G-WI-10) with PdII present at the surface after the syntheses in 
all three cases. 
 
Figure II.6: Raman spectra of (a) G-WI-5 solid (b) G-WI-6 solid (c) G-WI-5 
filtrate (d) G-WI-6 filtrate 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
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Table II.4: XPS results for the catalysts prepared in acetonitrile at 100°C for 2h 
Code Precursor Support Pd/Al F/Pd % at. Pd Pd0/PdII 
G-WI-5 [Pd(CF3CO2)2(bipy)] γ-Al2O3-c 0.005 12.4 0.16 Pd0 ∼ PdII 
G-WI-6 [Pd(CF3CO2)2(bipy)] γ-Al2O3-d 0.051 2.22 1.60 PdII 
G-WI-7 [Pd(CF3CO2)2] γ-Al2O3-d 0.153 0.64 4.74 Pd0 >>> PdII 
G-WI-8 [Pd(CF3CO2)2] γ-Al2O3-c 0.128 0.62 3.88 Pd0 >>> PdII 
 
   Cl/Pd N/Pd   
G-WI-9 [PdCl2(PhCN)2] γ-Al2O3-d 0.164 0.05 0.021 5.02 PdII >>> Pd0 
G-WI-10 [PdCl2(PhCN)2] γ-Al2O3-c 0.174 0.034 0.019 5.35 PdII >>> Pd0 
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II.2.2. Anchoring on functionalized supports 
In order to facilitate the precursor immobilization on the support, the 
latter was functionalized with two different silanes to decorate the alumina 
surface with organic arms acting as anchoring points for the complexes.  
II.2.2.1. Support functionalization 
Two silanes were used for the support functionalization (Figure II.7 and 
Figure II.8). They were chosen because of their ethoxy or methoxy groups 
which can be exchanged with the surface hydroxyl functions of the support 
as shown in Figure II.7 (a) and Figure II.8 (a). In addition, their amine 
dangling functions can serve as ligands for PdII as shown in Figure II.7 (c) 
and Figure II.8 (c). The supports γ-Al2O3-1N and γ-Al2O3-2N obtained after 
reaction with the silanes have been analyzed by Raman spectroscopy, XPS 
and ICP in order to check if the functionalization was successful. On both 
Raman spectra, a new peak appeared at about 2900 cm-1 corresponding to C-
H bonds indicating the presence of the silane at the surface. By XPS, 
nitrogen and silicium were detected on the alumina surface. In addition, the 
surface ratio N/Si was 0.85 for γ-Al2O3-1N and 1.6 for γ-Al2O3-2N 
corresponding roughly to the nominal N/Si ratios of the used silanes (Table 
II.5). The γ-Al2O3-1N sample gave a C/N bulk molar ratio measured by ICP 
of about 6, which is situated between the two extremes of 3 if the silane 
exchanged the three ethoxy functions and 9 corresponding to no reaction, 
showing partial exchange of the ethoxy functions (Table II.5). Besides, we 
observed the presence of almost 3 wt.% of silicium showing that a high 
amount of silane was grafted on the support. From the ICP results and 
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knowing the surface area (SBET = 60 m²/g) we calculate 10 atoms of Si per 
nm² of grafted alumina for the 1N support. A theoretical study was 
conducted by Digne et al. in which the amount of hydroxyl groups at the 
surface of γ-Al2O3 was determined. It was shown that the maximum amount 
of OH groups at the surface is 17 OH per nm² [303]. If it is assumed that Si is 
connected here more probably via two or three oxygen atoms, the maximum 
amount of Si atom at the surface would be comprised respectively between 6 
and 8 Si atoms per nm². In addition, if the same calculation is made starting 
from the atomic % of Si determined by XPS present at the surface of γ-
Al2O3-1N, the number of Si atoms per nm² would be between 6 and 7. We 
are therefore at the maximum possible level of functionalization. But we 
cannot definitively rule out the possibility of multi-layers of silanes at the 
surface. 
 
Table II.5: XPS and ICP results for the functionalized supports 
Support 
XPS ICP 
At.% N At.% Si N/Si % C % N % Si 
γ-Al2O3-d 0.14 0 0 n.d. n.d. n.d. 
γ-Al2O3-1N 1.56 1.82 0.85 2.36 0.44 2.76 
γ-Al2O3-2N 2.36 1.47 1.6 n.d. n.d. n.d. 
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Figure II.7: (a) Silane 1N (b) Al2O3-1N and (c) anchoring of Pd complex on 
functionalized alumina 
 
 
 
Figure II.8: (a) Silane 2N (b) Al2O3-2N and (c) anchoring of Pd complex on 
functionalized alumina 
II.2.2.2. Anchoring of the precursors on the functionalized support 
Pd(OAc)2 and Pd(CF3CO2)2 have been used to study the anchoring of 
the Pd complexes on functionalized alumina. Ethanol and acetone were used 
as solvents as described in the literature [304]. The reactions have been carried 
out with the dried alumina and the two functionalized aluminas. The samples 
obtained were analyzed by Raman spectroscopy and XPS to determine 
whether the anchoring took place and to quantify the amount of Pd present 
on the support surface.  
(a) (b) (c) 
(a) (b) (c) 
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a) Dried alumina 
The dried alumina has been used in order to have reference observations 
with the precursors and solvents chosen (Table II.6). Pd(OAc)2 was tested in 
ethanol (A-1_ref) and acetone (A-2_ref) and the Raman spectra of the solid 
samples showed Pd0 in the case of ethanol meaning that no interactions 
between the precursor and the support took place but complex 
decomposition occurred. When prepared in acetone, the precursor peaks are 
observable on the Raman spectra indicating a direct grafting on the hydroxyl 
functions (see SI in Chapter IX – section IX.7). The XPS analyses confirmed 
these observations: Pd0 is present in the case of ethanol while PdII was 
detected in the case of acetone. The same observations were made when 
Pd(CF3CO2)2 was used (A-4_ref, A-6_ref). Analyses of filtrates by atomic 
absorption spectroscopy showed that in ethanol, the major part of the 
palladium was incorporated compared to acetone where most Pd remained in 
solution.   
 
Table II.6: Reference catalysts prepared on dried alumina in acetone and 
ethanol with Pd(OAc)2 and Pd(CF3CO2)2 as precursors 
Code Precursor Solvant 
XPS analyses 
%Pd Pd/Al Pd0/PdII F/Pd 
A-1_ref [Pd(OAc)2] Ethanol 1.05 0.027 Pd0>>>PdII / 
A-2_ref [Pd(OAc)2] Acetone 0.55 0.014 PdII>>>Pd0 / 
A-4_ref [Pd(CF3CO2)2] Ethanol 0.82 0.021 Pd0 1.84 
A-6_ref [Pd(CF3CO2)2] Acetone 0.08 0.003 PdII 19.1 
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b) Alumina functionalized with 3-aminopropyltriethoxysilane 
Both [Pd(OAc)2] and Pd(CF3CO2)2] precursors were used with the 
functionalized alumina γ-Al2O3-1N in acetone and in ethanol. A-7_ Si1N 
prepared with [Pd(OAc)2] in ethanol was analysed by Raman spectroscopy 
and showed a fluorescence signal due to the presence of Pd0 (Figure II.9), its 
presence being confirmed by XPS. On the Raman spectrum of A-8_Si1N 
prepared with [Pd(OAc)2] in acetone, the peaks corresponding to the 
precursor are lost in the noise. The XPS results showed that PdII is present in 
this sample confirming that the desired anchoring took place. A larger 
amount of Pd at the support surface was obtained in ethanol (Pd0 only) as 
observed for the reference syntheses on dried alumina (Table II.6). 
Concerning Pd(CF3CO2)2, fluorescence in Raman spectrum was observed 
when carrying out the anchoring in ethanol (A-13_Si1N – Figure II.10 (a)) 
and 4.3 atomic % of Pd0 was detected by XPS. For A-11_Si1N, prepared in 
acetone, no signal was observed by Raman (Figure II.10 (b)) and only 0.61 
atomic % of Pd was evidenced by XPS (Table II.7). However, palladium in 
the latter catalyst exhibited the PdII oxidation state and the F/Pd ratio was ∼ 
3, indicating the loss of one ligand and thus proving the anchoring of the 
precursor onto the silane. In conclusion, no anchoring took place in ethanol 
probably because of the reducing character of this solvent. Acetone is 
assumed to wash away the non-anchored complex which remained in the 
filtrate, but the Pd obtained in the solid corresponds to anchored complexes. 
Chapter II: Pd catalysts on functionalized supports 
 
86 
 
Figure II.9: Raman spectra of (a) A-7_Si1N and (b) A-8_Si1N 
 
Figure II.10: Raman spectra of (a) A-13_Si1N and (b) A-11_Si1N 
 
 
 
 
 
(a) (b) 
Raman shift (cm-1) Raman shift (cm-1) 
(a) (b) 
Raman shift (cm-1) Raman shift (cm-1) 
 
0.15 
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Table II.7: XPS results for the anchoring of [Pd(CF3CO2)2] on γ-Al2O3-1N 
support 
Code % at. Pd Pd0/PdII Pd/Al %at. Si F/Pd 
A-11_Si1N 0.61 PdII>>>Pd0 0.02 2.18 2.6 
A-13_Si1N 4.33 Pd0>>>PdII 0.157 1.87 0.25 
 
 
c) Alumina functionalized with N-[3-(trimethoxysilyl)-propyl] 
ethylenediamine 
In order to study the influence of the chelating ligand present on the 
silane, another functionalized alumina has been used with Pd(OAc)2 and 
Pd(CF3CO2)2 as precursors both in acetone and ethanol. Again the samples 
prepared in ethanol presented fluorescence in Raman spectroscopy due to 
Pd0 (A-9_Si2N, Figure II.11 (a)). For A-10_Si2N prepared in acetone with 
Pd(OAc)2, the peaks corresponding to alumina were present. An additional 
peak was observed as well corresponding to the intact precursor (Figure 
II.11 (b)). The XPS results of this sample showed the presence of PdII and as 
previously a smaller amount of Pd at the surface than the sample prepared in 
ethanol. The other material prepared in acetone, A-12_Si2N, did not show 
any peak in the Raman spectrum but presented however a weak amount of 
PdII at the surface, with a F/Pd ratio situated between 2 and 3 proving the 
anchoring in this case. Again, no anchoring but decomposition took place in 
ethanol, and a smaller amount of Pd but anchored is obtained in acetone. 
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Figure II.11: Raman spectra of a) A-9_Si2N , b) A-10_Si2N 
II.2.3. Catalysis 
In order to measure the catalytic performances of the prepared catalysts 
in the oxidation of lactose, they were reduced under hydrogen to obtain Pd0 
nanoparticles at the surface of alumina. The hope was to obtain highly 
dispersed catalysts thanks to hindering of Pd atoms migration by the grafting 
or anchoring processes. The selection of catalysts for the catalytic tests was 
based on both the amount of Pd present at the surface and the proportion of 
PdII compared to Pd0 indicating the grafting/anchoring success. The 
conditions used and the experimental method to carry out the oxidation 
reaction of lactose are detailed in the Experimental part (Chapter VIII – 
section VIII.6.1). The three treated supports have been tested alone in the 
reaction and no lactose conversion was observed after 4h. 
 
 
Raman shift (cm-1) Raman shift (cm-1) 
(a) (b) 
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The catalytic results are expressed as: 
Y LBA (%) = (
engagedlactose
LBA
n
n ) *100 
 
X lactose (%) = (
engagedlactose
convertedlactose
n
n ) *100 
 
S LBA (%) = (
lactose
LBA
X
Y ) *100 
The catalysts prepared by grafting were characterized by XPS after 
activation and as expected Pd was mainly present as Pd0 except for G-WI-9a 
and G-WI-10a (Table II.8) where it remained PdII. This could be the 
consequence of the successful grafting of the complex as a stabilized PdII 
species, preventing its reduction in the applied conditions. Another reason 
could be the inaccessibility during XPS analysis of the metallic Pd 
surrounded by oxidized Pd. 
 
Because of the different Pd loadings, the catalytic results were 
normalized with respect to the actual amount of Pd in the catalysts (Table 
II.9). G-WI-6a was prepared in acetonitrile with Pd(CF3CO2)2(bipy) and 
gives the best atom efficiency, but gave poor conversion, probably due to the 
very low amount of Pd present on the alumina. The selectivity in lactobionic 
acid was very low for most samples expect for G-WI-6a and G-WI-7a. The 
lowest value for G-WI-10a can be explained by the presence of PdII, not 
active in this reaction.  
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Table II.8: XPS results for the reduced catalysts prepared by grafting 
Code Precursor 
Impregnation 
Solvent 
XPS : fresh catalysts XPS : reduced catalysts 
% Pd Pd0/PdII % Pd Pd0/PdII Pd/Al 
G-WI-3a [Pd(acac)2] Toluene 1.80 Pd0>>>PdII 0.374 Pd0>>>PdII 0.010 
G-WI-6a [Pd(CF3CO2)2(bipy)] Acetonitrile 1.60 PdII 0.072 Pd0 0.002 
G-WI-7a [Pd(CF3CO2)2] Acetonitrile 4.74 Pd0>>>PdII 0.377 Pd0 0.011 
G-WI-8a [Pd(CF3CO2)2] Acetonitrile 3.88 Pd0>>>PdII 0.269 Pd0 0.008 
G-WI-9a [PdCl2(PhCN)2] Acetonitrile 5.02 PdII>>>Pd0 0.196 PdII 0.007 
G-WI-10a [PdCl2(PhCN)2] Acetonitrile 5.35 PdII>>>Pd0 0.366 PdII>>Pd0 0.013 
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Table II.9: Catalytic results after 4h for catalysts prepared by grafting 
Code Pd (wt.%) 
XLactose 
(%) 
YLBA 
(%) 
Y*LBA 
(%.(mg Pd)-1) 
at t = 4h 
SLBA 
(%) 
G-WI-3a 0.68 14.13 2.00 0.97 14.16 
G-WI-6a 0.17 5.60 2.95 5.76 52.75 
G-WI-7a 0.66 4.56 2.10 1.06 46.00 
G-WI-8a 0.66 22.95 3.00 1.51 13.07 
G-WI-9a 0.65 23.60 2.93 1.50 12.43 
G-WI-10a 0.75 14.10 2.43 1.08 17.26 
 
 
In addition, it seems that the higher the Pd/Al ratio the lower the 
normalized yield (Figure II.12). All the filtrates of the catalytic tests were 
analyzed by AAS and no Pd losses were observed.  
 
As for the catalysts prepared by grafting, the samples synthesized by 
anchoring on the functionalized supports were activated in order to reduce 
PdII to Pd0. The activated catalysts were characterized by XPS (Table II.10). 
All the reduced catalysts presented Pd(0) at the surface. The amount of Pd 
present on the final catalyst was always higher when prepared in ethanol.  
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Figure II.12: Normalized yield in lactobionic acid in function of Pd/Al obtained 
by XPS 
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Code Support Precursor Solvent Pd (wt. %) 
XPS results 
% Pd Pd0/PdII Pd/Al F/Pd 
A-1a_ref γ-Al2O3-d [Pd(OAc)2] Ethanol 3.88 1.057 Pd0 0.030 n/a. 
A-2a_ref γ-Al2O3-d [Pd(OAc)2] Acetone 1.10 0.369 Pd0 0.011 n/a. 
A-3a_ref γ-Al2O3-d [Pd(OAc)2] Ethanol 3.24 1.309 Pd0 0.038 n/a. 
A-4a_ref γ-Al2O3-d [Pd(CF3CO2)2] Ethanol 4.94 0.696 Pd0 0.025 3.63 
A-5a_ref γ-Al2O3-d [Pd(OAc)2] Ethanol 2.45 0.815 Pd0 0.028 n/a. 
A-6a_ref γ-Al2O3-d [Pd(CF3CO2)2] Acetone 0.00 0.091 Pd0~PdII 0.003 24.9 
A-7a_ref γ-Al2O3-d [Pd(OAc)2] Ethanol 4.31 1.300 Pd0>>>PdII 0.050 n/a. 
A-8a_Si1N γ-Al2O3-1N [Pd(OAc)2] Acetone 1.07 0.507 Pd0>>>PdII 0.018 n/a. 
A-9a_Si2N γ-Al2O3-2N [Pd(OAc)2] Ethanol 3.95 1.221 Pd0>>>PdII 0.040 n/a. 
A-10a_Si2N γ-Al2O3-2N [Pd(OAc)2] Acetone 1.11 0.552 Pd0~PdII 0.020 n/a. 
A-11a_Si1N γ-Al2O3-1N [Pd(CF3CO2) 2] Acetone 0.34 0.541 Pd0~PdII 0.018 2.42 
A-12a_Si2N γ-Al2O3-2N [Pd(CF3CO2) 2] Acetone 0.71 0.637 Pd0~PdII 0.023 1.34 
A-13a_Si1N γ-Al2O3-1N [Pd(CF3CO2) 2] Ethanol 4.87 3.666 Pd0 0.144 0.271 
A-14a_Si2N γ-Al2O3-2N [Pd(CF3CO2) 2] Ethanol 4.93 3.641 Pd0 0.135 0.129 
 
Table II.10: XPS results for the reference samples and for the catalysts prepared by anchoring after activation 
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The normalized yields in lactobionic acid, the lactose conversion and 
selectivity in lactobionic acid are displayed in Table II.11. A-11a_Si1N is the 
most efficient of all the catalysts prepared in acetone. Besides, no Pd losses 
during the catalytic reaction were observed. Concerning the samples 
prepared in ethanol, A-3a_ref is the best catalyst of this series because of its 
high selectivity and lactose conversion. Even though A-11a_Si1N presents 
the best normalized yield in lactobionic acid, its selectivity is very low. The 
catalysts prepared on functionalized alumina present in general better yields 
when compared to the grafted ones. However, the selectivity is very weak in 
all cases except for A-3a_ref, prepared on non-functionalized dried alumina. 
The best catalyst of all, presenting selectivity in LBA around 100% with the 
highest YLBA, was obtained on an unmodified support, by reduction of Pd in 
ethanol rather than by anchoring.  
 
TEM images were taken for A-3a_ref, which presented the highest 
selectivity of all samples (Figure II.13). The average particle size of Pd at the 
surface is around 20 nm and the particles are relatively well dispersed. This 
can be correlated with the high Pd/Al ratio determined by XPS.  
 
It seems that the selectivity is greatly influenced by the functions 
present at the surface of alumina because the catalysts prepared on 
unmodified supports gave a better selectivity than those prepared on 
functionalized supports.  
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Table II.11: Catalytic results after 4h for catalysts prepared by anchoring 
Code Pd wt.% 
XLactose 
(%) 
Y LBA 
(%) 
Y*LBA 
(%/mgPd) 
SLBA 
(%) 
γ-Al2O3-d 0 0 0.00 0 0.00 
A-1a_ref 3.88 11.99 2.88 0.15 24.02 
A-2a_ref 1.10 25.96 3.50 0.64 13.50 
A-3a_ref 3.24 15.29 15.02 0.93 98.28 
A-4a_ref 4.94 29.68 12.46 0.50 41.98 
A-5a_ref 2.45 12.89 4.56 0.37 35.36 
A-6a_ref 0.00 9.33 1.52 n. d. 16.30 
A-7a_ref 4.31 10.69 1.56 0.07 14.60 
A-8a_Si1N 1.07 18.65 1.62 0.30 8.69 
A-9a_Si2N 3.95 12.08 2.22 0.11 18.38 
A-10a_Si2N 1.11 5.62 1.46 0.26 25.99 
A-11a_Si1N 0.34 9.60 3.00 2.94 31.25 
A-12a_Si2N 0.71 9.51 1.40 0.66 14.72 
A-13a_Si1N 4.87 15.52 7.86 0.54 50.68 
A-14a_Si2N 4.93 7.89 4.30 0.29 54.47 
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An explanation of such observation concerning the selectivity can be 
found in Figure II.14. Indeed, the –OH functions present on alumina surface 
could be implied in hydrogen-bridge bonding with the adsorbed sugar. This 
“stabilization” could prevent desorption until the last oxidation product (2-
keto lactobionate) is formed. 
 
The methodology developed in this work to prove the success of the 
grafting and anchoring processes on alumina was reliable. We were able to 
find suitable conditions to graft or anchor Pd complexes on alumina surface. 
However, the catalytic performances of the samples prepared on 
functionalized alumina supports were weak compared to the literature for 
this reaction [65].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.13: TEM image of A-3a_ref sample 
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Figure II.14: Model of the influence of –OH functions on SLBA 
II.2.4. Conclusion  
Many studies about catalysts preparation in the literature report 
alternative methods such as grafting or anchoring but no real proof of the 
success of the grafting/anchoring are given. 
 
The aim of this first section was to provide a deeper insight into the 
formation processes of palladium catalysts supported on γ-Al2O3. Two 
methodologies were investigated: on the one hand, the direct grafting of Pd 
complexes on hydroxyl functions present at the surface of alumina and on 
the other hand, the precursor anchoring via amine-bearing silanes previously 
grafted on the support. The results showed that covalent grafting took place 
for samples synthesized in acetonitrile with [Pd(CF3CO2)2(bipy)] and 
[PdCl2(PhCN)2] complexes on a gamma alumina previously heated in air or 
under vacuum. In all cases, less than 1 wt.% of Pd could be incorporated on 
the support. Concerning the second part of this work, the anchoring was 
proven for catalysts prepared in acetone with also 1 wt.% of Pd obtained at 
the surface. The methodology that we developed in this work permits to 
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prove the grafting and anchoring processes on alumina. Suitable conditions 
to graft and anchor Pd complexes on alumina surface were found.  
In addition, the influence of the preparation procedure on the activity 
and selectivity in lactose oxidation was studied. The catalytic performances 
of all the samples prepared by grafting and anchoring, then activated under 
hydrogen, were very weak compared to those already reported in the 
literature for the same reaction: low lactose conversion, weak selectivity in 
lactobionic acid. The best catalyst of all in terms of catalytic performance 
was nevertheless obtained on an unmodified support by Pd reduction in 
ethanol rather than by anchoring or grafting. The latter was the only one 
presenting selectivity close to 100 %.  
II.3. Palladium supported catalysts prepared on 
functionalized carbon xerogels 
This section is an extract from a publication in “Applied Catalysis B: 
Environmental, 148-149 (2014) 424-435 [305]”. The results described were 
performed in collaboration with Nathalie Mager during her Master thesis. 
 
As mentioned in the introduction, the carbonaceous supports are 
produced from organic matter like wood, coal or agro-food industry waste, 
display large specific surface areas and can be used under various forms [6, 
128,156,241]
. The drawback is that their textural properties as well as the level of 
contaminant depend on the origin of the raw material or of uncontrollable 
factors like weather conditions and soil composition [156,242,243]. Nowadays, 
synthetic routes for carbonaceous materials such as the evaporative drying of 
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gels prepared under appropriate conditions and with controlled pH afford 
highly porous carbon materials with controllable pore texture. These are 
called “carbon xerogels” [245,246] and present weak amount of impurities and a 
control on the porosity. 
II.3.1. Functionalization of carbon supports 
Five type of carbon xerogels A-E were prepared with varying pore 
textures ranging from micro-mesoporous to micro-macroporous, with 
meso/macropore sizes increasing from 10 to 5500 nm as the synthesis pH 
decreases (Table II.12). The complete textural properties of these supports 
are presented in Supplementary Information (Chapter IX – section IX.8). 
The nitrogen isotherms are presented in SI (Chapter IX – section IX.9). Two 
methods were used to functionalize the supports: the first one takes place in 
the liquid phase, at reflux in a HNO3 solution (of concentration 0.2, 1.0 or 
2.5 mol/L) and the second one takes place in gaseous phase in an oven, 
under air. Not every support was submitted to both treatments. A slight 
degradation was observed, detected by the colored Soxhlet extraction waters, 
when the liquid phase functionalization was performed on larger average 
meso/macropore width samples. This could be due to the formation of very 
fine particles or to the formation of soluble polyaromatic compounds. For 
this reason, the supports D and E were functionalized only with the second 
method. Unmodified supports were used as well, for comparison. The 
experimental conditions are detailed in the experimental part (Chapter VIII: 
section VIII.1.2). The different samples were designated as follows: the five 
prepared carbon xerogels were named A, B, C, D and E after their increasing 
average meso/macropore width, like listed in Table II.12; functionalization 
treatment was specified using the words ‘acid’ or ‘air’ for the oxidizing 
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treatment with nitric acid or air, respectively; concentration of nitric acid 
used in the liquid phase functionalization treatment was outlined by the 
numbers 2.5, 1.0 and 0.2 following the word ‘acid’ for a concentration of 2.5 
mol/L, 1.0 mol/L and 0.2 mol/L, respectively; carbon xerogel that was not 
submitted to any functionalization treatment was named ‘unmodified’; 
stabilization treatment was mentioned only if relevant by the word 
‘stabilized’ (as all the supports used were systematically stabilized after 
functionalization and before grafting); palladium loading of the catalysts was 
specified by Pd5 and Pd1 for the initial Pd(5 wt.%) and Pd(1 wt.%) loaded 
samples, respectively. For example, Pd5/A-acid-1.0 designates the carbon 
xerogel of average mesopore width of 10 nm which was functionalized with 
a solution of nitric acid 1.0 mol/L and stabilized and with 5 wt.% loading of 
palladium. 
Table II.12. Pore texture of the carbon xerogels 
Xerogel name Synthesis pH Type of solid SBET (m²/g) dp (nm) 
A 6.3 Micro-Meso 671 10a 
B 5.8 Micro-Meso 772 27a 
C 5.0 Micro-Macro 598 141b 
D 4.0 Micro-Macro 620 400b 
E 2.0 Micro-Macro 604 5500b 
a
 micro-mesoporous sample: the average mesopore diameter is obtained from the nitrogen  
adsorption (Broekhoff-de Boer method) 
b
 micro-macroporous sample: the average macropore diameter is obtained from Hg porosimetry  
(Washburn’s equation) 
 
After the functionalization step, all the samples were submitted to a 
stabilization step in a tubular oven at 500°C under nitrogen flow in order to 
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remove the unstable functions which are the carboxylic ones [150] and obtain 
a material containing essentially phenols. Indeed, the existence of carboxylic 
groups on energetically different carbon sites or with different acid strengths 
has been admitted. Using TPD measurements (linear T° rise up to 1100°C 
under He flow [306]), strongly acidic carboxylic groups were seen to form 
CO2 around 260-330°C while weakly acidic carboxylic groups formed CO2 
around 430-480°C, in functionalized carbon xerogels [282,306-309]. Using 
complete Boehm titration it was also proven that only half of the carboxylic 
acid functions were removed at 300°C and that heating at 800°C is needed to 
remove them completely, in activated carbon [310]. But at this temperature, a 
lot of the other oxygenated functions are removed as well. Another study 
using complete Boehm titration on activated carbon proved that the 
carboxylic acid functions were almost entirely removed and half of the 
phenols remained when a stabilization treatment at 500°C was applied [150]. 
For these reasons, a 500°C stabilization treatment was selected to obtain a 
solid with mainly phenols.  
The functionalized supports have been characterized by Boehm 
titrations [311-312] to analyze oxygen-containing groups and by XPS in order to 
determine the O/C ratios that have to logically increase with the 
functionalization treatments. Table II.13 presents the XPS results and the 
Boehm titration results for the functionalized supports after stabilization. 
Even though a linear correlation between the total acidity measured by 
Boehm titration and the O/C surface atomic ratios measured by XPS was 
found for the functionalized support before stabilization (see SI in Chapter 
IX – section IX.10), it was not as good after stabilization (see SI in Chapter 
IX – section IX.11). 
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Table II.13. Characterization of functionalized supports after stabilization 
Support and treatment 
After stabilization 
XPS O/C (atomic) Total acidity (mmol/100g) 
A-acid-0.2 0.07 32 
A-acid-1.0 0.10 84 
A-acid-2.5 0.10 64 
A-air 0.11 133 
B-acid-2.5 0.12 113 
C-acid-1.0 0.08 70 
C-air 0.09 124 
D-air 0.10 98 
E-air 0.13 137 
 
The unmodified supports give surface O/C ratios by XPS corresponding 
to respectively 0.06, 0.02, 0.04, 0.04 and 0.07 for the A, B, C, D and E 
support meaning that some surface oxygenated groups are already present on 
the carbon xerogels. Whatever the functionalization method employed, the 
O/C is increased in all cases depending on the acid concentration in the case 
of the chemical method used. However, this phenomenon has a limit because 
when the HNO3 concentration is increased to 2.5, it has the same effect on 
the O/C ratio than for the 1.0 concentration. The amount of total acidic 
functions determined by Boehm titration is even lower in the case of A-acid-
2.5 than for A-acid-1.0. It is probably due to a slight degradation due to the 
harshest conditions employed in the former case, as previously observed for 
activated carbon [149].  
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The surface atomic ratios are quite similar for the carbon xerogels A 
and C functionalized by both methods: under air and under moderate acidic 
conditions, HNO3 1.0 mol/L. In general, the titration results permit to 
confirm the XPS results except for two points: firstly, the samples A-acid-
1.0 and A-acid-2.5 have the same O/C ratios while the total acidity are 
different and secondly, the samples A-air and C-air present a much higher 
acidity than when treated in the liquid phase even though the XPS O/C ratios 
are similar. An explanation of this observation could be found in the 
distribution of groups which can take place inside the pores or at the external 
surface. In order to verify this hypothesis, some samples were ground and 
analyzed again by XPS (Figure II.15).  
The samples functionalized under air displayed O/C surface atomic 
ratio unchanged after grinding. This result indicates that the oxygenated 
groups were distributed homogeneously within the support. However, the 
sample A-acid-1.0 showed O/C surface atomic ratio doubled after grinding, 
meaning that more oxygen functional groups were present inside the pores 
compared to the external surface in the case of liquid phase 
functionalization. 
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 Figure II.15. O/C surface ratios measured by XPS for the samples 
functionalized with the HNO3 solution or under air and stabilized, before and 
after grinding 
Elemental analysis (oxygen direct measure) done on the stabilized A-
acid-1.0 and A-air samples indicates as well that A-acid-1.0 contains slightly 
more oxygen in mass than on the surface. The hypothesis to explain this 
unexpected result is that the acid stagnates inside the pores and more time is 
needed to remove it with the Soxhlet washing. Thereby the oxidation 
treatment would last longer inside the pores and create more oxygenated 
groups inside the pores than on the external surface. 
It is possible to gain more qualitative information about the nature of 
the surface oxygenated groups using XPS [151]. The method is not accurate 
but is interesting when comparing similar supports. Given the differences 
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met in the literature concerning the components found in each peak, a 
compromise was found [150]. On the basis of a previous work, the C1s peak 
was decomposed into 5 component peaks with full width at half maximum 
constant for each component and equal to the main one [150]. The main 
component peak was set at 284.8 eV and is due to graphitic carbon (C-C, C-
H bonds, symbolized by I in Table II.14). The other component peaks are 
attributed to carbon in alcohol or ether groups, assimilated to phenols (II), 
carbonyl groups, assimilated to lactones (III), carboxyl or ester groups (IV) 
and the ‘shake-up electrons’ (V). This decomposition of the C1s peak is 
graphically presented in Figure II.16. It appears that the functionalization, 
whatever the treatment, increases the phenol, lactone and carboxylic acid 
functions (Table II.13). 
 
Figure II.16: Example of decomposition of the C1s peak (XPS) for the 
unmodified support A. 
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Concerning the liquid phase treatment, the rise of the carboxylic 
functions is not as substantial as suggested before [282,311,280], because we used 
dilute solutions. However, one can see that the phenols increase a lot more 
with the air treatment than with HNO3. After stabilization, all functions are 
partially removed for both treatments, but the phenols are still present in 
higher quantities with the air treatment. In all cases, after stabilization, the 
phenol and lactone functions are the main functions present on the surface of 
the supports.  
Table II.14: Relative concentration of each component resulting from the 
decomposition of C1s peak (XPS) 
Support 
and treatment 
I (%) 
C-C, C-H  
II (%) 
C-O 
III (%) 
C=O 
IV (%) 
O-C=O 
V (%) 
Shake up 
A-unmodified 69.98 14.3 7.28 5.31 3.14 
A-acid-2.5 65.6 15.72 10.15 5.73 2.81 
A-acid-2.5 stab.a 71.24 14.95 6.72 4.69 2.39 
A-air 65.79 17.49 9.07 5.50 2.14 
A-air stab.a 68.10 15.79 7.46 5.40 3.27 
B-unmodified 79.94 12.96 5.72 4.50 2.88 
B-acid-2.5 65.21 14.90 10.63 6.16 3.11 
B-acid-2.5 stab.a 66.95 15.50 8.22 5.83 3.50 
C-unmodified 72.07 13.33 6.27 5.33 3.00 
C-acid-1.0 67.95 14.79 8.92 5.36 2.98 
C-acid-1.0 stab.a 70.61 15.38 6.77 5.06 2.17 
C-air 64.26 18.93 7.81 5.23 3.37 
C-air stab.a 67.96 15.77 7.48 5.78 3.01 
a: stabilized 
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This explains why the total acidity of the A-air and C-air stabilized 
samples is much higher than their liquid phase counterparts, because this 
treatment adds a lot more phenol functions, that are less easily removed by 
stabilization. The N1s XPS zone was systematically analyzed for the 
functionalized and stabilized samples. It appears that the nitrogen surface 
concentration on the samples functionalized under air is negligible. This is 
not the case for the samples functionalized in the liquid phase, where the 
nitrogen surface concentration rises to around 1 at. %. Furthermore bulk 
analysis of two A carbon xerogels functionalized by both methods (and 
stabilized) estimated the nitrogen concentration at around 0.76 wt.% for the 
sample treated in the HNO3 solution while it was below the detection limit 
for the other one treated in air. This is attributed to nitro functions and to 
adsorbed nitrate ions resulting from the HNO3 reactant [150,151,313-315]. 
The treatment under air presents more advantages than liquid phase 
functionalization. Indeed, it takes only 3h to carry out the treatment 
compared to 2 days for the liquid phase method. The formation of more 
stable oxygenated surface groups in higher amount is obtained. The oxygen 
groups are homogeneously distributed within the porous support and there is 
no possible contamination by nitrogen compounds (compared when using 
HNO3 in liquid phase). The good efficiency of the air treatment is explained 
by its independency from the textural properties because no diffusion 
problem can appear and it is not affected by the initial hydrophobicity of the 
carbon treated. Indeed, air is a gas facilitating its diffusion through the pores. 
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II.3.2. Grafting of [Pd(OAc)2(NHEt2)2] 
The oxygen functional groups introduced on the carbon xerogels by 
functionalization were used as anchors for the grafting of palladium 
precursors. The complex [Pd(OAc)2(NHEt2)2] was chosen for incorporation 
on functionalized carbon xerogels by grafting. Indeed, it is soluble in water 
and it can be subjected to easy ligand exchange reactions. From this point, 
only the acidity assessed by Boehm titration will be taken into account when 
quoting the surface acidity and not the XPS data. The reason is that the 
experimental conditions used for the catalyst synthesis are similar to the 
titration conditions because it is performed by stirring the support 24h in 
aqueous solution. The complex was used to prepare Pd(5 wt.%) and Pd(1 
wt.%) catalysts on the several functionalized supports presented earlier. A 
catalyst was also prepared from the A-unmodified sample which was used as 
a control sample. For the latter as well as for the E-air sample, a bad quality 
of the support dispersion in water was observed when added into solution for 
the catalyst synthesis. This observation is logical for the unmodified support 
because the amount of oxygen functions is quite low. Concerning the E-air 
sample, it is a little surprising but it is probably due to the fact that the 
support is initially very hydrophobic. Indeed, the texture of this support is 
different from the others rendering its wettability more difficult (Figure 
II.17). Moreover, functionalization does not increase enough the amount of 
oxygen functions to obtain a more hydrophilic support. The synthesized 
catalysts are presented in Table II.15. As shown in this table, a large amount 
of the complex was adsorbed on the support thanks to the easy ligand 
exchange of carboxylate diethylamine ligands for surface oxygen groups 
[149,150,316-318]
.  
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In two cases, significant differences were observed between the 
calculated and actual Pd loading, both with Pd(5wt.%): the A-unmodified 
sample and the E-air. The hydrophobic behaviour of these two samples 
decreases the support-complex interaction in aqueous solution.  
 
Table II.15: Grafting of the complex Pd(OAc)2(NHEt2)2 
a
 Calculated on the basis of the amount of metallic precursor engaged in the synthesis 
b
 Pd loading determined by difference after atomic absorption analysis of the  synthesis filtrates 
 
When comparing the two Pd(5 wt.%)/C materials synthesized from A-
air and A-acid-1.0 samples, we can see that the amount of adsorbed complex 
is higher when it was functionalized under air, probably because of the 
Pd(wt.%) 
Support 
and treatment 
Pd loading 
(wt.%) calculateda 
Pd loading 
(wt.%) incorporatedb 
5 wt.% A-unmodified 4.75 3.66 
 A-acid-1.0 4.77 4.52 
 A-air 4.76 4.75 
 B-acid-2.5 4.78 4.49 
 C-air 4.77 4.75 
 D-air 4.76 4.70 
 E-air 4.78 1.48 
1 wt.% A-acid-1.0 1.04 1.04 
 A-air 0.99 0.99 
 B-acid-2.5 0.99 0.99 
 C-air 0.99 0.99 
 D-air 0.99 0.99 
 E-air 0.99 0.94 
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higher total acidity (Table II.13). Besides this, no correlation between the 
total acidity of the support and the grafting efficiency was observed.  
  
Figure II.17: SEM images of A-support (on the left) and E-support (on the 
right) 
The grafted samples were analyzed by XPS and all the 
functionalized xerogels show the presence of PdII which makes sense 
because the adsorption mechanism is a ligand exchange and not a redox 
reaction. The binding energy of Pd 3d5/2 peak is around 337.6 eV as shown 
on Figure II.18.  
 
As described in Figure II.19, the ligand exchange occurs between 
one (or two) phenol(s) function(s) on the support and a carboxylate or(and) a 
diethylamine ligand in the precursor complex. This indicates that the N/Pd 
surface atomic ratios (the N is corrected by subtracting the amount of N in 
each starting carbon: see SI in Chapter IX – section IX.12) should be 
comprised between 0 and 2 after grafting [149,150]. This was the case for the 
samples prepared with the supports oxidized by air. However it does not fit 
when the supports were oxidized with HNO3 because the large amount of 
nitro groups or nitrates interferes with the diethylamine signal. The Pd/C 
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surface atomic ratios were determined: concerning the Pd(5 wt.%) samples, 
Pd5/A-acid-1.0 has the highest Pd/C atomic ratio of 0.007 and Pd5/E-air the 
lowest, equal to 0.002. The other atomic ratios are around 0.005. In the case 
of Pd(1 wt.%) samples, Pd1/A-acid-1.0 has the largest Pd/C atomic ratio as 
well (see SI in Chapter IX – section IX.13). No direct correlation between 
the total acidity of the supports and the Pd/C atomic ratio after grafting could 
be drawn either.  
 
 
Figure II.18: XPS spectra of Pd under oxidized and reduced form 
 
 
Oxidized
Pd form
Reduced
Pd form
350 348 344 342 340 338 336 334 332 330346
Binding Energy (eV)
Chapter II: Pd catalysts on functionalized supports 
 
112 
 
 
Figure II.19: Proposed mechanism of anchoring of the palladium complex on a 
phenol – functionalized support 
 
The sample prepared with the unmodified support A presented the 
highest Pd/C atomic ratio, equal to 0.051. XPS results for the latter also 
indicates that most of the metal present on the surface is in its reduced form. 
It is probably due to the complex which reduces itself at the external surface 
of the support because the oxygen functional groups are not numerous 
enough to stabilize it.  
II.3.3. Activation of the materials 
After the grafting step, the samples were activated in a tubular oven at 
200◦C under hydrogen in order to obtain the metallic phase of Pd needed for 
the oxidation of lactose. The Pd loading of some samples after activation 
was checked by ICP-AES and the results were similar with those obtained 
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by atomic absorption analyses on synthesis filtrates shown in Table II.15. In 
most cases, the XPS Pd/C atomic ratios decreased, and fall to 50% of the 
initial atomic ratio. This observation can be explained by the coalescence of 
molecular grafted species into nanoparticles. In the case of the unmodified A 
sample, the atomic Pd/C ratio of 0.051 after grafting, dropped to 0.012 after 
activation. This is probably due to a sintering phenomenon which seems to 
be more pronounced when the sample contains fewer oxygen groups to 
stabilize the grafted species. The activated samples present XPS Pd 3d5/2 
peaks at 335.5 eV which corresponds to a shift of 2 eV compared to the 
grafted samples and it indicates that Pd is in its reduced form, as expected. 
Some oxidized palladium atoms seem to remain in the Pd(1 wt.%) samples, 
maybe because low Pd loading caused anchoring through two surface 
groups, stabilizing the PdII oxidation state. In general, the Pd dispersion is 
not improved by grafting (comparison with the unmodified support). 
 
TEM images of some samples allowed estimating the particle size after 
activation (Table II.16 and Fig. II.20). The two samples on carbon xerogel B 
display particles of the same size with homogeneous distribution in both 
cases (Figures II.20 (a) and (b)). No clear difference is observed, because the 
xerogel B has a large specific surface area which allows a good palladium 
distribution even at higher loading. When the samples prepared with the 
functionalized carbon xerogel A as support are compared, it is observed that 
the sample Pd5/A-acid-1.0 presents a lot of agglomerates and seems to have 
a very wide particle size distribution (Figure II.20 (c)). Pd5/D-air presents 
small particles around 6 nm with a homogeneous distribution on the surface 
(Figure II.20 (d)). 
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Table II.16: Pd dispersion measured by CO chemisorption and average particle 
size in nm estimated from TEM images 
Support 
and treatment 
Pd loading 
(wt.%)a 
Pd 
dispersion (%) 
Average particle 
size (nm) TEM 
Pd5/A-unmodified 3.66 10.0 3 
Pd5/A-acid-1.0 4.52 12.4 5-30 
Pd5/A-air 4.75 10.3 / 
Pd5/B-acid-2.5 4.49 8.70 5 
Pd5/C-air 4.75 / b / 
Pd5/D-air 4.70 5.10 6 
Pd5/E-air 1.48 6.90 50 
Pd1/A-acid-1.0 1.04 0.40 14 
Pd1A-air 0.99 3.30 10 
Pd1B-acid-2.5 0.99 6.70 5 
Pd1C-air 0.99 / b / 
Pd1D-air 0.99 3.70 / 
Pd1E-air 0.94 4.70 / 
a
 Pd loading determined by difference after atomic absorption analysis of the synthesis filtrates 
b
 Undetermined due to sample powderness 
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Figure II.20: TEM images of (a) Pd5/B-acid-2.5, (b) Pd1/B-acid-2.5, (c) Pd5/A-
acid-1.0 and (d) Pd5/D-air  
 
TEM images of the two samples containing Pd (1wt.%) prepared on 
functionalized A-acid-1.0 and A-air are presented in Figure II.21. The 
sample functionalized under air presents particles of smaller size and better 
dispersion.  
(a) (b) 
(c) (d) 
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Figure II.21: TEM images of Pd1/A-acid-1.0 (above) and Pd1/A-air (beneath) 
 
Finally, the TEM image of the catalyst prepared on unmodified support 
leads to the smallest and best dispersed particles (Figure II.22). To 
summarize, the grafting of a palladium complex was successful when the 
support was functionalized and the loading did not depend on the textural 
properties of the carbon xerogel. The functionalization under air guarantees a 
homogeneous dispersion of the complex inside the pores of the support. In 
the case of the unmodified support, grafting by ligand exchange does not 
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occur as proven by the fact that most of the palladium is already in its 
reduced form before activation. In addition, the amount of incorporated 
palladium is lower and the latter is found principally at the external surface 
when compared with functionalized xerogels. Nevertheless, the particles are 
smaller after activation. During the activation of the samples, coalescence 
occurs but is partially prevented by functionalization. The main differences 
regarding the location and the dispersion of the particles on the different 
supports are due to the textural and hydrophobicity properties of the 
xerogels. Finally, samples whose support was previously functionalized 
under air present particles of smaller and more homogeneous sizes than the 
supports functionalized in the liquid phase. 
 
Figure II.22: TEM image of Pd5 prepared on the A unmodified support 
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II.3.4. Catalytic tests in the oxidation of lactose 
 
The catalytic performances have been evaluated in the oxidation of 
lactose. The experimental method and conditions used are detailed in the 
Experimental part (Chapter VIII – section VIII.6.1). All the catalysts 
described in section II.3.3 were tested. The evolution of the activity of the 
5wt.% catalysts with time was regular and all the catalysts present parallel 
conversion curves (see SI in Chapter IX – section IX.14). There are no 
crossings during the first 4h of the tests so comparisons between catalysts 
are allowed at t = 4 h. Some blank tests were run with (i) the support A-
unmodified alone; (ii) the two A-acid-1.0 and A-air samples that underwent 
the same treatments as all the catalysts except for the palladium grafting. The 
supports unmodified and functionalized under air left the lactose intact. The 
support functionalized in the liquid phase however gave some lactobionic 
acid but with a very low selectivity (Y LBA = 3 % and S LBA = 12 %).  
 
The yield and selectivity results are presented in Table II.17. The TOF 
values (the number of converted moles of lactose per Pd surface atom and 
per second) were also calculated (from CO chemisorption values). The 
sample Pd5/B-acid-2.5 gives the best TOF value of the 5 wt.% loaded 
catalysts. However, when comparing them with the 1 wt.% loaded catalysts, 
the latter are more active. The sample Pd1/A-acid-1.0 presents an 
surprisingly high TOF, which can be explained by the very low dispersion. 
The catalysts made from the sample C have a lower yield than the catalysts 
on support A and furthermore, the sample powderness makes the analyses 
difficult to carry out. The catalysts on the supports D and E are quite active 
but give the worst results in terms of selectivity. Concerning the loading, the 
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1 wt.% loaded catalysts are the most active as seen by the TOF numbers but 
they present a lower selectivity. The catalyst prepared with the unmodified 
support is the best one for this reaction as shown by its highest TOF amongst 
the 5 wt.% loaded catalysts together with its excellent selectivity. When the 
samples Pd1/A-acid-1.0 and Pd1/A-air are compared, the catalyst with the 
support functionalized in the liquid phase gives the best results, in selectivity 
as well as in yield, because as seen in Table II.13 there are less oxygenated 
functions as determined by Boehm titration. Moreover, the selectivity seems 
to be greatly influenced by the Pd loading. 
 
Table II.17: Catalytic performances of Pd catalysts for lactose oxidation 
Pd(wt.%)/support 
Pd loading 
(wt.%) 
YLBA 
(%) 
SLBAa 
(%) 
TOFb  
(s-1) 
Pd5/A-unmodified 3.66 30 100 0.0061 
Pd5/A-acid-1.0 4.52 12 100 0.0014 
Pd5/B-acid-2.5 4.49 26 92 0.0054 
Pd5/C-air 4.75 4 100 /c 
Pd5/D-air 4.70 16 100 0.0050 
Pd5/E-air 1.48 1 12 0.0026 
Pd1/A-acid-1.0 1.04 10 87 0.2052 
Pd1A-air 0.99 8 50 0.0342 
Pd1B-acid-2.5 0.99 2 100 0.0072 
Pd1C-air 0.99 6 87 /c 
Pd1D-air 0.99 1 8 0.0219 
Pd1E-air 0.94 3 28 0.0181 
a
 Calculated from lactose conversion and LBA yield   b TOF =  
timexdispersionxPdmol
convertedlactosemol
              
c
 undetermined due to lack of dispersion data 
Chapter II: Pd catalysts on functionalized supports 
 
120 
II.3.5. Conclusion for Pd/C xerogels catalysts 
In this part, it was shown that the surface oxygenated groups have a role 
in the controlled preparation of Pd/C catalysts by grafting. Surface 
functionalization of xerogels was achieved using HNO3 or air followed by 
stabilization and quantified by Boehm titration and XPS analyses. The 
gaseous phase functionalization outperforms the liquid phase one because  it 
is (i) time-saving (it is a single step reaction), (ii) more efficient whilst 
creating more stable functions that are less removed upon stabilization, 
namely phenols, (iii) more homogeneous and a lot cleaner (it does not use a 
strong acid). Moreover, the hydrophobic properties of some samples can 
affect the success of the functionalization in an aqueous solution while it is 
not the case for the air treatment, which explains its good performance. Pd/C 
catalysts on different carbon xerogel supports previously functionalized and 
stabilized were prepared using the oxygen groups as anchors for covalent 
grafting of a Pd complex precursor. An unmodified support led to mostly 
reduced palladium on the external surface before activation. After activation, 
this catalyst had the smallest particles. As there are practically no acidic 
functions on this support, the complex self-reduced directly and gave small 
particles at the external surface that remained small even if some sintering 
was observed during activation. The grafting of [Pd(OAc)2(NHEt2)2] on 
functionalized supports occurred by a ligand exchange mechanism keeping 
Pd in its +II oxidation state and its relative success did not depend on the 
textural properties of the supports, except in one case. Activation reduced all 
the PdII into Pd0 with some sintering, but less than on unmodified xerogel. 
Particles were more dispersed and of smaller size on air-functionalized 
supports than on the liquid phase ones. The catalyst prepared on unmodified 
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support was more efficient in the reaction of lactose oxidation. The 
selectivity in lactobionic acid was very low for the majority of the catalysts 
prepared on functionalized carbon xerogels. The fact that the functionalized 
support in liquid phase exhibited some lactose conversion with a poor 
selectivity when tested alone proves the need for palladium in this oxidation 
reaction. It shows also that the acidic functions and the probable NO2 groups 
resulting from the functionalization treatment have a negative influence, 
mainly on the selectivity. 
II.4. Conclusions 
From these two studies, similar observations appeared leading to the 
same conclusion. First, catalysts prepared on unmodified supports always 
exhibited the highest activity in lactobionic acid. As it is known, selectivity 
is the key issue in all catalytic applications and it is the principal objective to 
reach in oxidation reactions. In both parts of this chapter, it was observed 
that the selectivity was very bad with all the catalysts prepared on 
functionalized supports. The low amount of surface acid functions in these 
cases seems to influence the selectivity in LBA. All the observations in this 
chapter tend to indicate that there is no need for a functionalization treatment 
and the support needed should contain the least possible oxygenated surface 
groups. To go further, it seems that the selective oxidation of lactose with 
palladium based catalysts needs an inert support to reach a good selectivity 
and even a better activity.  
In order to verify this hypothesis, boron nitride, a very inert support, 
will be used and its potential in the selective oxidation of lactose will be 
studied. In parallel, alumina under its alpha form, close to BN in term of 
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specific area, will be used for comparison. This will be the subject matter of 
the next chapters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Chapter III 
BORON NITRIDE AS AN ALTERNATIVE SUPPORT 
OF PALLADIUM CATALYSTS FOR THE SELECTIVE 
OXIDATION OF LACTOSE 
 
 
In the preceding chapter, the deleterious influence of hydroxyl 
functions at the support surface on the selectivity in lactobionic acid was 
highlighted. It seems that this reaction needs an inert support without any 
functions at the surface. In that context, boron nitride was envisaged as 
potential alternative. In this chapter, the potential of boron nitride as 
innovative support for the selective oxidation of lactose will be evaluated. 
The results section is divided into two parts: first, catalysts prepared by dry 
impregnation then, catalysts prepared by deposition-precipitation. Pd/h-BN 
catalysts will be compared to Pd/α-Al2O3 catalysts in terms of catalytic 
performances in lactose oxidation. 
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This chapter is an extract from a publication in “Catalysis 
Communication, 29 (2012)170-174” [319]. 
III.1. Introduction  
 As mentioned in the introduction, boron nitride is a promising catalyst 
support for all applications in which stability is a key point.  
Boron nitride is isoelectronic to carbon and is found mainly in 
hexagonal h-BN form (α-BN) isostructural to graphite. The other forms are 
sphalerite-type β-BN related to cubic diamond and wurzite-type γ-BN 
related to hexagonal diamond [250]. In h-BN structure, there is strong bonding 
within the atomic layers and weak bonding between layers. The planar fused 
six-membered rings are stacked directly on top of each other with boron 
atoms in one layer serving as nearest neighbors to N atoms in adjacent 
layers. In addition, the lattice spacing in graphite is 3.35 Å while it is 3.33 Å 
in h-BN. The electrical properties of h-BN and graphite are very different: 
graphite is a black, highly reflective semimetal with anisotropic resistivity. 
The conductivity of h-BN is much smaller at low temperature, making it a 
useful insulator [320]. 
Examples of uses of BN as catalyst support are quite scarce in the 
literature and essentially restricted to processes requiring relatively high 
temperatures. BN-supported noble metals catalysts have been used to abate 
volatile organic compounds [254]. Pt/BN has been applied in deep oxidation 
of methanol and benzene [321]. Postole et al. studied the influence of the 
preparation methods of Pd/BN catalysts on their activity for methane 
oxidation [251,260,322]. They also studied the characteristics of BN and BN-
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supported oxide systems and their use in the reduction of NOx [259]. BN has 
also been used as support for hydrogenation of crotonaldehyde with Pt-Fe 
catalysts [257] or alkynes using Pd/BN catalysts for example [323]. 
 In this chapter, the potential of boron nitride as a new support for the 
selective lactose oxidation will be evaluated: Pd/h-BN catalysts have been 
synthesized, and compared to Pd/α-Al2O3 catalysts. The influence of several 
parameters such as the synthesis method, the nature of precursor or reducing 
agent, on the structural characteristics and the catalytic performances will be 
investigated. 
III.2. Results and discussion  
The catalysts presented in this chapter have been synthesized by two 
different methods: dry impregnation (DI) and deposition-precipitation (DP). 
The catalysts were characterized after activation by XPS, SEM, TEM, 
powder XRD and Raman spectroscopy. In situ Raman measurements were 
carried out for some catalysts prepared by DI to study the activation step. 
The preparation methods and the conditions used to carry out the oxidation 
of lactose are described in Experimental part (Chapter VIII – section VIII.2.2 
and VIII.6.1). The characterization techniques employed are detailed in 
Chapter VIII – section VIII.7. The TGA measurement and elemental 
analysis of the precursor Pd(OAc)2(NHEt2)2 are described in SI (Chapter IX 
– section IX.2 and IX.3). The textural properties of the two supports used, h-
BN and α-Al2O3, are presented in Table III.1. The nitrogen isotherms are 
presented in SI (Chapter IX – section IX.15) and both supports can be 
considered as non-porous, with intergranular macropores. 
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Table III.1: Textural properties of h-BN and α-Al2O3 supports 
Supports S BET (m²/g) Vp (cm³/g) BJH Pore size (nm) 
h-BN 22.9 0.1478 27.8 
α-Al2O3 16.1 0.1351 36.7 
 
Blank tests have been carried out with the supports alone and no lactose 
conversion was observed. The supports alone before and after tests have 
been analysed by XPS (Table III.2). No major change was observed. 
Table III.2: XPS analyses of the supports before and after test 
Supports % O % C O/B C/B 
h-BN 3.02 3.92 0.063 0.082 
h-BN blanka 3.56 3.82 0.075 0.080 
 % O % C O/Al C/Al 
α-Al2O3 51.0 13.5 1.53 0.41 
α-Al2O3 blank a 54.1 11.9 1.56 0.34 
a
 Supports alone tested in oxidation reaction  
III.2.1. Catalysts synthesized by dry impregnation (DI) 
The catalytic results in lactose oxidation and XPS characterization data 
of the Pd/α-Al2O3 and Pd/h-BN catalysts synthesized by dry impregnation 
are displayed in Table III.3. The selectivity was always 100 % in LBA, 
therefore the yield in LBA is equal to the conversion. The catalysts calcined 
in air before activation under H2 are more active than without calcination. 
This observation can be correlated to XRD and microscopy results while 
XPS surface atomic intensity ratios are similar.   
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Table III.3: Catalysts prepared by dry impregnation using Pd(OAc)2(NHEt2)2 
as precursor (5 wt.% Pd) 
 a Catalysts calcined under air flow at 500°C for 12h before reduction 
 
 
In the XRD analysis of the DI-1 catalyst (Figure III.1), the molecular 
precursor is clearly visible after DI (Figure III.1 (a)), PdO appears after 
calcination (Figure III.1 (b)) and metallic Pd after reduction (Figure III.1(c)). 
The last diffractogram (d) refers to the same catalyst activated without prior 
calcination and shows thinner Pd peaks than in Figure III.1 (c), indicating 
larger crystallites. SEM analyses of DI-1C point in the same direction and 
reveal smaller Pd particles at the surface of the support and a more 
homogeneous distribution in the case of the pre-calcined sample (Figure III.3 
(a) and (b)). The same observation can be made by XRD (Figure III.2) and 
SEM (Figure III.3) analyses of BN-supported catalysts.  
 
Code Catalyst 
Pd/Al (x100) Y LBA (%)  
at t = 4h Calc. Exp. 
DI-1 Pd/α-Al2O3 2.4 1.7 11.7 
DI-1Ca Pd/α-Al2O3 2.4 1.6 29.5 
 
Pd/B (x100) 
 
Calc. Exp. 
DI-2 Pd/h-BN 1.2 2.2 27.4 
DI-2Ca Pd/h-BN 1.2 2.5 48.6 
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Figure III.1: XRD diffractrograms of Pd/α-Al2O3 catalysts: (a) after DI (b) 
after calcination (c) after reduction and (d) activated without prior calcination 
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Figure III.2:  XRD diffractrograms of Pd/h-BN
 
catalysts: (a) after DI (b) after 
calcination (c) after reduction and (d) activated without prior calcination 
 
It also appears that the catalysts prepared on boron nitride are much 
more active in the oxidation reaction than their homologues supported on 
alumina. Experimental Pd/support XPS intensity ratios were higher than 
calculated values for BN, indicating better surface accessibility to active 
sites for the sugar transformation. BN being exempt of micropores, XPS 
interpretation is made easier because the metal penetration (or not) inside the 
pores does not need to be taken into account. SEM images of BN-supported 
catalysts (Figure III.3) showed metallic Pd particles to be smaller and better 
spread on BN than on alumina. Because BN is more hydrophobic than 
alumina, thus the wettability is more efficient in CH3OH than in water. It 
gives probably a better distribution of the precursor on the support, 
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improving the Pd dispersion on the surface in the final catalyst, as DI is 
carried out in CH3OH. 
  
 
Figure III.3: SEM images of (a) DI-1; activated without prior calcination, (b) 
calcined and activated (c) DI-2; activated without prior calcination (d) DI-2C; 
calcined and activated 
 The samples obtained via this preparation method can be analyzed 
by in situ Raman spectroscopy in order to study the activation step. The 
Raman spectrum of the precursor shows a few sharp peaks for 
(d) (c) 
(a) (b) 
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Pd(OAc)2(NHEt2)2, while that of alumina is featureless (Figure III.4 (a) and 
(b)). The spectrum of h-BN shows one main peak in the region of 1400 cm-1 
(Figure III.5).   
 
 
Figure III.4: Raman spectra of (a) Pd(OAc)2(NHEt2)2 and (b) α-Al2O3  
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Figure III.5: Raman spectrum of h-BN  
 
 
The spectrum of the DI-1 catalyst before reduction is clearly the 
superimposition of the complex and the support (Figure III.6). 
 
Figure III.6: Raman spectrum of DI-1 before reduction 
0
0,5
1
1,5
2
2,5
350700105014001750210024502800315035003850
Raman shift (cm-1)
In
te
n
s
ity
Wavenumber (cm-1)
2 03 280
In
te
n
sit
y
.
2
.
1
.
0
0
0,02
0,04
0,06
0,08
0,1
0,12
0,14
0,16
0,18
0,2
10070013001900250031003700
Wavenumber(cm-1)
In
te
n
sit
y
In
te
n
sit
y
Wavenumber (cm-1)
 -
3700 3100 2500 1900 1300 700 100
0.05 -
0.10 -
0.15 -
0.20 -
 shift (cm-1) 
Raman shift (cm-1) 
Chapter III: BN as an alternative support of Pd catalysts 
 
134 
Concerning the catalyst DI-2 (Figure III.7) the Raman shift range 4000 
cm-1 - 2000 cm-1 was selected to monitor the precursor peaks useful to study 
the activation step. The peak around 2800 cm-1 will be followed. 
 
 
Figure III.7: Raman spectrum of DI-2 before reduction 
The latter was achieved (Figure III.8) by heating the catalyst under 
nitrogen, and it was found that the activation corresponds to a ligand 
abstraction phenomenon leading to the reduction of Pd(II) to Pd(0) as 
confirmed by XPS. No particular interaction between precursor and the 
support takes place. 
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Figure III.8: DI-2: Raman spectra of Pd(OAc)2(NHEt2)2/h-BN heated in situ 
under N2 flow 
 
 
The same study was carried out for the Al2O3-supported catalyst leading 
to the same observation (Figure III.9). 
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III.2.2. Catalysts synthesized by deposition-precipitation (DP) 
Catalytic performances of catalysts prepared by deposition–
precipitation on α-Al2O3 are illustrated in Table III.4. It comes out that Pd/α-
Al2O3 catalysts reduced with formalin (DP-1 and DP-2) are less active than 
their homologues reduced with NaBH4 (DP-3 and DP-4). In addition, a 
solvent effect can be observed when the two former catalysts are analysed 
one step further. Indeed, the DP-2 catalyst prepared in the H2O/CH3OH 
mixture is slightly less active than the DP-1 catalyst prepared in water. 
Alumina, being more hydrophilic, is better dispersed in water than in a 
water/methanol mixture. Hence, the precursor/support interaction is better in 
water. 
 
 Table III.4: Catalysts prepared by deposition-precipitation method (DP) on α-
Al2O3 
 a
 Synthesized in H2O-Na2CO3 + CH3OH 50/50 
 
 
The catalysts prepared on α-Al2O3 with two different precursors but 
activated with NaBH4 (DP-3 and DP-4) exhibit a higher activity and are 
characterized by much higher XPS Pd/Al ratios, indicating more palladium 
available for the sugar at the surface of the support. SEM images of DP-3 
Code Precursor 
Reducing 
agent 
Pd/Al (x100) Y LBA (%) 
at t = 4h Calc. Exp. 
DP-1 Pd(OAc)2(NHEt2)2 Formalin 2.4 5.9 10.7 
DP-2a Pd(OAc)2(NHEt2)2 Formalin 2.4 6.4 7.8 
DP-3 Na2PdCl4 NaBH4 2.5 11 42.9 
DP-4 Pd(OAc)2(NHEt2)2 NaBH4 2.4 12 38.1 
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and DP-4 show particle sizes comprised between 15 and 30 nm (Figure 
III.10). XRD analyses of these two systems are quite similar with very broad 
peaks for Pd.  
 
 
 
 
Figure III.10: SEM images of (a) DP-3 (Na2PdCl4) and (b) DP-4 
(Pd(OAc)2(NHEt2)2) 
 
 
(a) 
(b) 
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The samples prepared on boron nitride also reveal the influence of the 
solvent: the activity of DP-6 is almost twice that of DP-5 (Table III.5). In a 
water/methanol mixture, BN gives rise to a homogeneous suspension which 
increases the contact between the precursor and the support, contrary to 
water alone. This is confirmed by an XPS Pd/B ratio higher for DP-6 than 
for DP-5.  
 
Table III.5: Catalysts prepared by deposition-precipitation method (DP) on h-
BN 
a
 Synthesized in H2O-Na2CO3 + CH3OH 50/50 
 
In the BN-supported catalysts reduced with NaBH4 (DP-7 and DP-8), it 
comes out that the chlorinated precursor has a negative influence on the 
activity. A neutral precursor seems better adapted for the synthesis of 
supported boron nitride catalysts.  
 
The most competitive BN-based catalyst in this table is DP-8 prepared 
from Pd(OAc)2(NHEt2)2 and activated with NaBH4. It is the only one that 
contained slightly less Pd (3.85 wt.%) as determined by ICP analysis of the 
solid. XRD analysis shows very broad Pd peaks meaning small Pd 
crystallites (Figure III.11), while TEM images show particle sizes in the 
range of 2–30 nm (Figure III.12). This result can be correlated with literature 
Code Precursor 
Reducing 
agent 
Pd/B (x100) Y LBA (%) 
at t = 4h Calc. Exp. 
DP-5 Pd(OAc)2(NHEt2)2 Formalin 1.2 1.2 14.3  
DP-6a Pd(OAc)2(NHEt2)2 Formalin 1.2 2.0 26.8  
DP-7 Na2PdCl4 NaBH4 1.2 2.7 21  
DP-8 Pd(OAc)2(NHEt2)2 NaBH4 1.2 2.3 64  
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observations quoting that having a particle size around 3 nm makes the 
catalyst more active and selective for sugar oxidation [38,113]. 
 
Figure III.11: XRD diffractogram of DP-8: Pd/BN catalyst 
 
 
Figure III.12: TEM image of DP-8: Pd/h-BN catalyst 
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DP-5 and DP-6 synthesized with the same precursor and the same 
reducing agent in respectively water and in a mixture of water/ CH3OH are 
less active than DP-8 probably because of the presence of bigger Pd 
aggregates, as evidenced by TEM (Figure III.13). 
 
Figure III.13: TEM images of Pd/h-BN catalysts (a) DP-5 and (b) DP-6 
 
It is also due to the reducing agent since NaBH4 is kinetically more 
rapid than formaldehyde, enhancing nucleation rather than growing and thus 
small particles are formed. Of course, it depends also on the experimental 
conditions employed (T°, rate of addition…). Indeed, the Pd3d XPS spectrum 
of DP-8 shows only Pd(0) (Figure III.14), which is claimed in the literature 
as the active phase for sugar oxidation [38], while for DP-5 and DP-6, XPS 
Pd3d peak can be decomposed in two doublets for PdII and Pd0 (Figure III.15 
and Figure III.16). In our case, we have used a gaussian/lorentzian (G/L = 
85/15) component but it would have been more appropriate to use an 
asymmetric component with a higher proportion of lorentzian for the 
metallic phase. 
(a) (b) 
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Except for DP-7, there is a correlation between XPS results and the 
yield in lactobionic acid for the BN-supported catalysts (Table III.5). Indeed, 
the higher the Pd/B ratio, the higher the activity in this reaction.  
 
Figure III.14: Pd3d XPS spectrum of DP-8 
 
Figure III.15: Pd3d XPS spectrum of DP-5 
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       Figure III.16: Pd3d XPS spectrum of DP-6 
 
The preparation method also has a clear influence on the catalytic 
performances. On alumina as well as on BN, the catalysts are more active 
when the deposition–precipitation method is used instead of dry 
impregnation. The former method permits to obtain smaller Pd particles at 
the surface of the support as shown by microscopy and XRD analyses. 
However, when a catalyst prepared by DI is calcined and then activated 
under hydrogen, its catalytic performances are greatly increased and reach 
the activity of its counterpart prepared by DP.  
 
Mirescu and Prüsse showed that very active and selective Au/alumina 
catalysts were obtained for the oxidation of lactose in lactobionic acid. 
However, when palladium is supported on alumina [63] or on carbon [76], it 
gives a lower selectivity. This was observed here (see Chapter II). In our 
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case, when palladium is supported on boron nitride, 100% selectivity is 
reached. We believe that the high selectivity of BN-supported catalysts is 
due to the absence of surface functional groups, the small surface area, the 
absence of micropores and probably also to the particle sizes obtained 
(which, if too small, promote overoxidation). A control experiment was 
carried out by preparing a catalyst by DP on a porous γ-Al2O3 (S BET = 173 
m³/g, Vp = 0.2373 cm³/g, Pore size = 5.82 nm) and it indeed displayed half 
the activity of Pd/α-Al2O3 and selectivity below 100%. XPS analyses carried 
out after every catalytic test confirmed that there was no change in the Pd0 
oxidation state (Figures III.17 and III.18). The Pd/B ratios after test were 
unchanged while the Pd/Al ratios increase. This indicates a greater stability 
of Pd/h-BN catalysts. 
 
Pd/h-BN was also tested in maltose and glucose oxidation. In both 
reactions, Pd/h-BN was active: yields of 43 % and 55 % in maltobionic acid 
and gluconic acid, respectively, were obtained after a 4 h reaction. The 
selectivity was 100 % in both cases.  
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Figure III.17: XPS analyses of DP-1 supported on alumina before and after 
catalytic test. 
 
Figure III.18: XPS analyses of DP-7 supported on boron nitride before and 
after catalytic test. 
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Pd losses during catalytic tests were always < 1% as verified by ICP on 
catalysis filtrates. The recyclability of the DP-8 supported on h-BN was also 
studied. A loss of about 50 % of activity in the second run was observed but 
without further decrease in the next run. Some tests have also been carried 
out in order to verify that there were no diffusional limitations. The catalysts 
DI-2, DI-2C and DP-8 have been tested for 4h with half amount of catalyst 
and the results show that the yield was halved as well (Table III.6). 
Moreover, a catalyst was prepared by DP with 10 wt.% Pd from 
Pd(OAc)2(NHEt2)2 : the activity is higher than when 5 wt.% catalyst is tested 
but in this case, there is diffusional limitations.  
 
Table III.6: Catalytic tests to determine if diffusional limitations are present 
Catalyst Pd loading (wt.%) m catalyst (g) Y LBA (%) 
DI-2 5 
0.5 27.4 
0.25 13.2 
DI-2C 5 
0.5 48.6 
0.25 23.2 
DP-8 5 
0.5 64 
0.25 32.8 
DP-9 10 
0.5 86 
0.25 56.6 
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III. 3. Conclusions 
We have shown that BN is a promising alternative support to replace 
alumina and carbon for sugar oxidation in the liquid phase. Lactose was the 
most studied but BN could also be used as support for other sugar 
conversions. It is a robust and non-porous material, which seems 
advantageous to avoid internal diffusion limitations when carrying catalysis 
in water. In addition, the absence of surface hydroxyl groups is expected to 
limit side reactions which should guarantee high selectivity and stabilizes the 
metal in its reduced form. Finally, it allows spectroscopic in situ 
characterization. Very active Pd/h-BN catalysts were obtained by either dry 
impregnation or deposition–precipitation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
   
 
Chapter IV 
PARTICLE SIZE EFFECTS IN SELECTIVE 
OXIDATION OF LACTOSE WITH PALLADIUM 
SUPPORTED ON BORON NITRIDE CATALYSTS 
 
 
In this chapter, several parameters related to the preparation of 
Pd/h-BN catalysts will be varied such as the impregnation solvent, the Pd 
precursor, the Pd loading and the activation method, in order to study their 
influence on the structural characteristics of the materials obtained. The 
effect of the Pd particle sizes on the catalytic performances in lactose 
oxidation will be particularly investigated. The first part will be devoted to 
the catalysts prepared by wet impregnation with several palladium 
precursors. It will be followed by the catalysts prepared with the same 
method with Pd(OAc)2(NHEt2)2 as precursor, in different solvents. Finally, 
the catalysts prepared by aqueous impregnation will be described and 
compared in terms of structural influence of the active phase on the catalytic 
performances in the selective oxidation of lactose.  
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This chapter is an extract from a publication in “Applied Catalysis A: 
General,467 (2013) 463-473” [324]. 
IV.1. Introduction 
The potential of boron nitride as novel support for lactose 
transformation was evaluated in the previous chapter and this material was 
shown to be a promising alternative to alumina and carbon as support for 
sugar oxidation in the liquid phase [319]. Very active and selective Pd/h-BN 
catalysts were obtained by two preparation methods: dry impregnation or 
deposition-precipitation. BN is non-porous which seems advantageous to 
avoid internal diffusional limitations when operating in water. Moreover, the 
absence of hydroxyl groups is expected to limit side reactions and this 
guarantees high selectivity and also stabilizes the metal in its reduced form, 
which is required for the reaction considered. However, the lack of any 
chemical functionality at the surface of this support makes it much more 
difficult to obtain a narrow particle size distribution than on traditional 
supports. 
 
In this chapter, several parameters in the preparation of Pd/h-BN 
catalysts will be varied such as the synthesis method, the Pd precursor, the 
solvent, the reducing agent and the palladium loading in order to obtain 
samples presenting different ranges of palladium particles sizes at the 
catalyst surface. The goal is to investigate the optimal range for lactose 
oxidation.  
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IV.2. Results and discussion  
The catalysts presented in this chapter have been synthesized by two 
methods: wet impregnation (WI) and aqueous impregnation (AI). TGA 
measurements and elemental analyses of Pd precursors are described in 
Chapter IX – section IX.2 and IX.3. The catalysts were characterized by 
XPS, TEM, powder XRD and CO chemisorption. The catalytic properties of 
these catalysts were evaluated in lactose oxidation. The evolution of the 
activity with time is regular and all catalysts present parallel conversion 
curves (Chapter IX – section IX.16). They are all concerned by deactivation 
because the slope of the curves decreases with time but there are no 
crossings during the first 4h period so comparisons between catalysts are 
allowed at t = 4h. 
The preparation methods and the conditions used to carry out the 
oxidation of lactose are described in Chapter VIII – section VIII.3 and 
VIII.6.1. The characterization techniques employed are detailed in Chapter 
VIII – section VIII.7.  
IV.2.1. Wet impregnation method (WI) 
Because the optimization of the support-precursor interactions is 
expected to produce a better distribution of metallic particles in the final BN-
supported catalysts, various precursors soluble in non-aqueous solvents have 
been envisaged in addition to Pd(OAc)2(NHEt2)2: Pd(OAc)2, Pd(acac)2 and 
Pd(OAc)2(phen). The latter precursor was selected in order to promote pi-pi 
interactions between the h-BN support and the phenanthroline ligand. The 
solvents envisaged were toluene, acetone, acetonitrile and a water/methanol 
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mixture (50:50 v/v). Comments about solubility and experimental 
observations related to visual suspension quality tests are summarized in 
Table IV.1. Some combinations (because of precursor insolubility) were not 
investigated.  
 
Table IV.1: Tests of solvent compatibility 
Material Toluene Acetone CH3CN 
Water/ 
methanol 
(50 : 50) 
h-BN Moderate 
suspension 
Good 
suspension 
Good 
suspension 
Good 
suspension 
Pd(OAc)2(NHEt2)2 soluble soluble soluble soluble 
Pd(OAc)2(phen) insoluble insoluble insoluble soluble 
Pd(OAc)2 soluble soluble soluble insoluble 
Pd(acac)2 soluble soluble soluble insoluble 
NaBH4 insoluble insoluble insoluble insoluble 
Formalin soluble soluble soluble soluble 
 
IV.2.1.1. Pd/h-BN catalysts prepared by wet impregnation with 
different precursors 
Table IV.2 presents catalysts prepared by wet impregnation with several 
precursors in various solvents. Except for WI-7, 5 wt.% of Pd were engaged 
in the syntheses but atomic absorption analyses of the synthesis filtrates 
showed that for some catalysts, especially those synthesized from Pd(acac)2, 
only partial incorporation occurred. For this reason, the catalytic results were 
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normalized with respect to the actual amount of Pd in the catalysts (last 
column, Table IV.3, Y*LBA (%.(mgPd)-1)). 
 
Table IV.2: Catalysts prepared by WI with various precursorsa 
a
 All catalysts were reduced with formalin 
b
 Pd loading determined by difference after atomic absorption analysis of the  synthesis filtrates 
c
 Pd amount engaged corresponding to 2 wt.% 
 
 
Table IV.3 presents the yield in lactobionic acid (YLBA) and the XPS 
characterization results of catalysts prepared on boron nitride with several 
precursors in various solvents. The normalized results give best Pd 
efficiency for the catalyst prepared from Pd(acac)2 in acetone. The atomic Pd 
% retrieved from XPS for WI-1/WI-2 and WI-3 synthesized with Pd(acac)2, 
are very small, in line with the atomic absorption results (small amount of Pd 
at the surface). When the experimental Pd/B ratios are normalized with 
respect to bulk loading values it seems that the higher the normalized yields 
Code Precursor Solvent Pd loading (wt.%)b 
WI-1 Pd(acac)2 Toluene 1.91 
WI-2 Pd(acac)2 Acetone 0.68 
WI-3 Pd(acac)2 CH3CN 0.68 
WI-4 Pd(OAc)2 Acetone 1.91 
WI-5 Pd(OAc)2 Toluene 4.99 
WI-6 Pd(OAc)2 CH3CN 5.00 
WI-7c Pd(OAc)2 CH3CN 2.00 
WI-8 Pd(OAc)2(phen) CH3OH-H2O 1.97 
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in LBA, the lower the ratio between experimental and calculated Pd/B 
values (Table IV.3).  
 
Table IV.3: XPS and HPLC results for WI catalysts prepared with several 
precursors 
a Determined by XPS 
b Pd amount engaged corresponding to 2 wt.% 
The catalysts prepared with Pd(OAc)2 are not very active. No 
correlation between the Pd/Bexp/calc ratios obtained by XPS and the 
normalized LBA yield per mg of Pd can be found. However the XPS Pd 
spectra of WI-4/WI-5 and WI-6 show that palladium is efficiently reduced in 
these cases which is required for this reaction [319] considering that Pd0 is the 
active phase (see SI in Chapter IX – section IX.17) On the contrary, as 
shown on the XPS Pd spectrum of WI-8 (Figure IV.1) prepared from 
Pd(OAc)2(phen), Pd is not well reduced in this last case which explains its 
very low activity.  
Code 
Pd/B (x100)a 
Y LBA (%) 
at t = 4h 
Y*LBA 
(%.(mgPd)-1) 
at t = 4h Calc. Exp. 
WI-1 0.45 0.30 0.67 3.50 0.37 
WI-2 0.16 0.04 0.25 4.50 1.32 
WI-3 0.16 0.10 0.63 3.10 0.90 
WI-4 0.45 1.50 3.33 7.60 0.80 
WI-5 1.20 0.60 0.50 7.10 0.29 
WI-6 1.20 2.70 2.25 20.5 0.82 
WI-7b 0.47 0.88 1.87 7.60 0.76 
WI-8 1.20 0.60 0.50 1.60 0.07 
(Pd/B)exp
(Pd/B)calc
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Figure IV.1: XPS 3d spectrum of WI-8 
 
IV.2.1.2. Wet impregnation: Pd(OAc)2(NHEt2)2 as precursor  
 The results obtained with the catalysts synthesized with 
Pd(OAc)2(NHEt2)2 supported on boron nitride and alumina by wet 
impregnation are summarized in Table IV.4. All the catalysts in this Table 
present only Pd0 on the support after activation. The selectivity of these 
catalysts was always equal to 100 % in lactobionic acid. No 2-keto-
lactobionate or lactulose were detected, by opposition with literature data 
[115]
. We believe that it is due to the absence of surface functional groups. 
Indeed, a control experiment was carried out by preparing in the same 
conditions Pd/γ-Al2O3 by wet impregnation in water/methanol mixture and 
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the selectivity was lower than 100 %. In addition, the activity was lower 
(YLBA = 2.8 %) than all the catalysts prepared on α-Al2O3 or BN.  
 
For the two catalysts synthesized on α-Al2O3, there is a significant 
influence of the solvent on the catalytic performances; the one synthesized in 
toluene is twice more active than the one prepared in CH3OH/H2O.  
 
The catalysts prepared on boron nitride display in general a higher 
normalized yield than their homologues synthesized on alumina, but also 
than the BN-supported catalysts prepared from the other precursors 
described above. The comparison of WI-12, WI-13, WI-14 and WI-15, all 
containing 5 wt.% of Pd, show major differences in terms of catalytic 
activity. While the lowest yield (5.4 %) was observed for the catalyst WI-15 
prepared in toluene, the highest yield (52 %) appears with the 
water/methanol mixture (WI-14) in opposition with alumina. The activities 
of the catalysts prepared in acetone and acetonitrile are similar and 
intermediate. It comes out that the performances of the different catalysts 
synthesized in different solvents are influenced by the hydrophobicity of the 
impregnation medium. Indeed, the higher the hydrophobicity (meaning a low 
dielectric constant [325]) of the solvent, the lower the activity (Figure IV.2). 
There is an optimum in the case of CH3OH/H2O mixture because a loss of 
activity was observed for WI-11, prepared in pure water, for comparison.  
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Pd/Al(x100)b 
Code Catalyst Pd loading 
 (wt.%)a Solvent Calc. Exp. 
YLBA (%)  
at t = 4h 
Y*LBA  
(%.(mgPd)-1) 
at t = 4h 
WI-9 Pd/α-Al2O3 5.00 CH3OH/H2O(50:50) 2.4 7.5 7.9  0.32 
WI-10 Pd/α-Al2O3 5.00 Toluene 2.4 2.8 17.2 0.67 
Pd/B(x100)b     
Calc. Exp. 
 
WI-11 Pd/h-BN 5.00 H2O n.d. n.d. 39 1.56 
WI-12 Pd/h-BN 5.00 Acetonitrile 1.2 2.2 36 1.44 
WI-13 Pd/h-BN 4.92 Acetone 1.2 2.1 34 1.38 
WI-14 Pd/h-BN 5.00 CH3OH-H2O(50:50) 1.2 1.5 52 2.08 
WI-15 Pd/h-BN 4.99 Toluene 1.2 1.8 5.4  0.21 
WI-16 Pd/h-BN 2.00 CH3OH/H2O(50:50) 0.48 0.7 6.5  0.65 
WI-17 Pd/h-BN 1.00 CH3OH/H2O(50:50) 0.24 1.9 5.5  1.10 
WI-18 Pd/h-BN 2.00 Toluene 0.48 0.88 18.2  1.82 
WI-19 Pd/h-BN 1.00 Toluene 0.24 0.42 14.9  2.98 
a
 Pd loading determined by difference after atomic absorption analysis of the synthesis filtrates 
b
 Determined by XPS 
Table IV.4: Catalysts prepared by wet impregnation with Pd(OAc)2(NHEt2)2 as precursor and formalin as reducing 
agent 
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Figure IV.2: Influence of the impregnation solvent on the catalyst activity (The 
dielectric constant value of the water/methanol mixture is based on a 
theoretical study [326]) 
Some other catalysts were prepared by engaging smaller amounts of Pd. 
With water/methanol mixture as solvent, modifying the palladium loading 
does not increase the normalized activities (see WI-17 and WI-16 compared 
to WI-14 in Table IV.4). The effect is different in toluene: the lower the 
amount of Pd, the more efficient it is. The Pd(1 wt.%)/BN prepared in 
toluene (WI-19) gives the best normalized yield of this series. 
 
TEM images were taken for WI-14 and WI-15 catalysts (Figure IV.3) 
synthesized with 5 wt.% Pd respectively in water/methanol and in toluene. In 
the latter case, a combination of very small and bigger particles is obtained 
at the surface of the support. Figure IV.4 presents TEM images of the 
catalysts WI-15, WI-18 and Figure IV.5 shows WI-19 synthesized in toluene 
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with Pd loading of respectively 5%, 2% and 1%. When the Pd loading 
decreases, the metallic particles tend to become bigger on average.  
 
 
 
 
 
 
 
  
 
 
Figure IV.3: TEM images of (a) WI-14 and (b) WI-15 synthesized respectively 
in water/methanol and in toluene 
 
                                                                 
Figure IV.4: TEM images of (a) WI-15 (4.99 wt.%), (b) WI-18 (2 wt.%) 
 
 
 
 
(a) (b) 
(a) (b) 
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Figure IV.5: TEM image of WI-19 (1 wt.%) prepared in toluene  
 
 All these catalysts have been characterized by XRD, XPS and CO 
chemisorption in addition to TEM and the results are displayed in Table 
IV.5.  
 
Table IV.5: Characterization of Pd/h-BN catalysts prepared by WI with 
Pd(OAc)2(NHEt2)2 as precursor 
a
 Determined by XPS    b TOF = )time.dispersion.Pdmol(
)lactoseconvertedmol(
  
Code 
Particle size (nm) Pd/Ba 
Exp/calc 
Disp. 
Pd (%) 
Y*LBA 
(%.(mgPd)-1) 
at t = 4h 
TOFb 
(s-1) XRD TEM 
WI-12 19 n.d 1.8 2.82 1.44 0.0188 
WI-13 15 n.d 1.8 2.74 1.38 0.0186 
WI-14 12 5-30 1.3 4.34 2.08 0.0176 
WI-15 10 < 3, 3-20 1.5 4.03 0.21 0.0020 
WI-16 14 15-20 1.5 4.97 0.65 0.0048 
WI-17 32 15-25 7.9 3.06 1.10 0.0132 
WI-18 15 4-30 1.8 4.32 1.82 0.0155 
WI-19 18 5-10 1.8 4.64 2.98 0.0236 
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There is again no clear correlation between the XPS Pd/Bexp/calc ratios 
and the normalized yields in lactobionic acid for WI-15/WI-18/WI-19 
(Figure IV.6) prepared in toluene and WI-14/WI-16/WI-17 prepared in 
CH3OH/H2O (Figure IV.7). All the catalysts in this table have their Pd/B 
exp/calc ratios close to 1. This observation cannot be made for WI-17 but it 
corresponds also to one of the worst dispersion and the largest particle size 
(determined by XRD). Concerning the XRD particle size calculations, the 
average crystallite size for the other samples is comprised between 10 and 15 
nm. These XRD results fall within the range observed by TEM. When the 
smallest XRD particle size is determined, the smallest particles are observed 
by TEM as well.  
 
Figure IV.6: XPS Pd/Bexp/calc ratios in function of the normalized LBA yield of 
WI-15 – WI-18 – WI-19 prepared in toluene 
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Figure IV.7: XPS Pd/Bexp/calc ratios in function of the normalized LBA yield of 
WI-14 – WI-16 – WI-17 prepared in CH3OH/H2O 
 
Particle size distribution histograms were built from the TEM images. 
When comparing the two catalysts WI-14 and WI-15 prepared in 
water/methanol and in toluene respectively, it is found that WI-14 presents 
particle sizes comprised between 7 and 20 nm and also bigger aggregates at 
the surface ( > 20 nm) (Figure IV.8). WI-15 synthesized in toluene shows a 
higher proportion of very small Pd particles with a size smaller than 3 nm. 
The influence of the solvent on the obtained particle size is clear: using a 
more hydrophobic solvent allows obtaining a higher proportion of small Pd 
particles and mainly particles with a size inferior to 3 nm at the surface of 
BN for 5wt.% Pd catalysts. A possible way to understand the influence of 
the solvent on the activity of Pd(5 wt. % )/h-BN catalysts is to think in terms 
of precursor/solvent, precursor/support and support/solvent affinities. BN is 
a more hydrophobic support than alumina, but it is not completely 
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hydrophobic as shown by the better suspension of BN in water/methanol 
than in toluene.  
 
 
Figure IV.8: Particles size distribution for WI-14 and WI-15 
 
 
The dielectric constants of the solvents used follow the order: water > 
water/methanol > acetonitrile ~ acetone > toluene [325,326], while the solubility 
of Pd(OAc)2(NHEt2)2 decreases following water > water/methanol > 
acetonitrile~acetone > toluene. We observe that to obtain highly active Pd/h-
BN catalysts, meaning a particle size distribution of 3-15 nm, we need to 
reach a compromise. To obtain the smallest Pd particles, it would be 
necessary to increase the hydrophobicity of the solvent. However, the 
activity is not optimal. WI-14 (the best 5 wt.% Pd catalyst prepared by WI in 
terms of Y*LBA) was prepared with a solvent in which the precursor has the 
highest solubility and the support presents the best suspension. When met 
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simultaneously, these two conditions do not provide catalysts with the 
highest Pd dispersion and the smallest Pd particles but give the size 
distribution of 3-15 nm, needed for the reaction.  
 
For the catalysts prepared in water/methanol mixture, changing the 
palladium loading does not modify the particle size distribution on the 
support (Figure IV.9).  
 
 
Figure IV.9: Size distribution of WI-14 – (5 wt.%) – WI-16 (2 wt.%) – WI-17 (1 
wt.%) prepared in CH3OH/H2O 
However, in toluene, when decreasing the palladium loading from 5 
(WI-15) to 2 wt.% (WI-18), the proportion of particles inferior to 3 nm 
decreases (Figure IV.10). When the palladium loading is decreased to 1 
wt.%, as it is the case for WI-19, the size distribution shows no particle with 
a size inferior to 3 nm and this gives the best normalized yield of the series. 
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As shown on Figure IV.10, the size of metallic particles is comprised 
between 3 and 20 nm. We also calculated TOF values (the number of 
converted moles of lactose per Pd surface atom and per second) from CO 
chemisorption values. The numbers obtained confirm the effects observed, 
with the best results for WI-19. For the catalyst prepared on γ-Al2O3, a Pd 
dispersion value of 4.74 % was obtained by CO chemisorption, hence giving 
TOF = 0.0009 s-1, the lowest of all.  
 
 
Figure IV.10: Size distribution of WI-15 (5 wt.%), WI-18 (2 wt.%),  WI-19 (1 
wt.%), prepared in toluene 
 
 
In the literature [38,113], it is quoted that for this reaction, a particle size 
around or above 3 nm is ideal to obtain very active catalysts with Al2O3 and 
CaCO3 as supports. It seems definitely that the most important parameter is 
the proportion of metallic particles with a size inferior to 3 nm because they 
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have a negative influence on the catalytic performances. There seems to be a 
correlation between this parameter and the activity: the higher the proportion 
of these small particles, the lower the activity. It has been known for years 
that decreasing particle size leads to variations in geometric and electronic 
properties that affect the activity. Varying particle sizes also affects the 
particle morphology and the exposure of different crystal planes that exhibit 
different catalytic activities [327]. The interaction with the support might also 
affect electronic properties and morphology of metal particles. Here, the 
reaction is structure-sensitive; hence it will depend on both particle size and 
shape. The latter was not investigated in the present study but we can infer 
that very small particles (< 3 nm) have distinctly different shapes with more 
corner and edges exposed [328]. We can thus conclude that lactose oxidation 
requires flat surfaces rather than edges and corners, if we take into account 
only the geometric effects. Finally, small particles are also more prone to 
accumulate impurities which may act as catalyst poisons.  
IV.2.2. Aqueous impregnation (AI): Pd(NO3)2 as precursor  
Given the above observations obtained with WI-catalysts, we envisaged 
a different synthesis procedure in order to obtain a more homogeneous 
particle size distribution on the support to reach a size comprised, ideally, 
between 3 and 15 nm, considering that this range would be the most 
appropriate for this reaction. In this section, Pd/h-BN catalysts were 
synthesized with Pd(NO3)2 by aqueous impregnation following a literature 
procedure described by Postole et al. [253]. They obtained PdO/h-BN catalysts 
with a PdO size in the range 2 and 8 nm, and used them to convert methane, 
in gas phase, into CO2 and H2O. In the present work, Pd0 being identified as 
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the active phase for sugar oxidation, the catalysts PdO/h-BN obtained 
following this procedure were reduced after calcination. Only chemical 
reducing agents were employed for the wet impregnation catalysts: 
formaldehyde or NaBH4. Chemical reduction is carried out at temperatures 
lower than when reducing with molecular hydrogen which facilitates the 
formation of small particles [171]. In our case, obtaining too small particles on 
boron nitride surface is not desired and thus we have envisaged a thermal 
reduction procedure for the catalysts prepared in this part to limit the 
proportion of particles smaller than 3 nm. Different reduction conditions 
were tested because it is well known that the activation step influences the 
metallic particle size [139,172]. Indeed, it is described in the literature that the 
calcination and the reduction temperatures influence directly the metal 
particle size at the surface of the support [62,134,173]. It seems that in general, 
higher calcination temperature enhances metal agglomeration and sintering 
[141]
. In our case, the calcination temperature was kept the same for each 
catalyst prepared in this section. The concentration of molecular hydrogen 
during activation also influences the metal particle size. Zou et al. showed 
that for Pd/SiO2 catalysts, a higher dispersion of the metallic particles is 
obtained when the catalysts are reduced under Ar rather than under H2 [172].  
 
Table IV.6 presents the catalysts prepared by aqueous impregnation 
with different activation procedures. All the catalysts contained 1 wt.% of 
Pd, except AI-4 and AI-3 which contained respectively about 5 and 3 % of 
Pd.  
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Table IV.6: Catalysts prepared by aqueous impregnation (AI) 
 
AI-1, activated with NaBH4, shows a normalized activity higher than 
the catalysts prepared by WI (Table IV.7). AI-2, reduced under H2 at 200°C 
for 1 h, shows a better activity than its homologous activated by chemical 
reduction. When the loading is increased to 3 and then to 5 % of Pd (AI-3 
and AI-4) the conversion of lactose increases up to 39 % and 84 % 
respectively. However, the normalized activity per mg of Pd decreases 
which means that the atom efficiency is better for AI-2. The gas used for 
thermal reduction was then changed for the last three catalysts of this series: 
a mixture of Ar(95%)-H2(5%) was employed. AI-5 reduced at 200°C for 30 
minutes shows the lowest normalized activity of this table. By increasing the 
reduction time up to 2 h, we obtained the most active catalyst per mg of Pd 
in this series (AI-6). Increasing the temperature to 300°C has a negative 
impact on the activity (AI-7). In comparison with literature, we obtained 2.5 
mmol.min-1.g-1 of lactobionic acid with the AI-6 catalysts which is better 
than 2 mmol.min-1.g-1 reported for Pd/Al2O3 [65]. The calculation details of 
Code Reduction conditions Pd loading (wt.%) 
AI-1 NaBH4 1.02 
AI-2 H2 -1 h -200°C 1.03 
AI-3 H2 -1 h - 200°C 2.94 
AI-4 H2 -1 h - 200°C 4.81 
AI-5 H2(5%)/Ar(95%) - 0.5 h - 200°C 0.99 
AI-6 H2(5%)/Ar(95%) - 2 h - 200°C 0.99 
AI-7 H2(5%)/Ar(95%) - 2 h - 300°C 0.95 
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the specific activity expressed in mmol.min-1.g-1 is described in Chapter IX – 
section IX.18).  
Table IV.7: Catalytic activity of the AI catalysts 
 
 
 
 
 
 
 
 
 
a
 Determined by XPS 
 
TEM images of AI-1 show relatively homogeneous size of metallic 
particles with bigger aggregates present at the surface (Figure IV.11 (a)). For 
the catalysts reduced under hydrogen for 1h, when the loading is increased, 
more particles are present at the surface and their size becomes more 
inhomogeneous (Figure IV.11 (b)-(c)-(d)).  
 
 
 
Code 
Pd/B (x100)a YLBA (%) 
at t = 4h 
Y*LBA 
(%.(mgPd)-1)  
at t = 4h Calc. Exp. 
AI-1 0.24 0.50 18.7 3.67 
AI-2 0.24 1.10 21.6 4.19 
AI-3 0.73 2.10 39.8 2.71 
AI-4 1.20 5.08 84.2 3.50 
AI-5 0.23 1.10 7.12 1.44 
AI-6 0.23 1.00 29.7 6.00 
AI-7 0.22 0.60 17.2 3.62 
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Figure IV.11: TEM image of (a) AI-1 reduced by NaBH4, (b) AI-2 (1 wt.%) 
activated under H2 for 1h at 200°C, (c) AI-3 (3 wt.%) and (d) AI-4 (5 wt.%) 
 
Figure IV.12 shows the TEM images of the catalysts reduced under 
H2(5%)/Ar(95%). AI-5 (Figure IV.12 (a)) presents a homogeneous particle 
size. When the reduction time is increased to 2h, the particles at the surface 
seem bigger (Figure IV.12 (b)). When the temperature is increased to 300°C, 
no real difference can be observed (Figure IV.12 (c)). 
 
 
(a) (b) 
(c) (d) 
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Figure IV.12: TEM images of catalysts reduced under H2(5%)/Ar (95%): (a) 
AI-5, (b) AI-6 and (c) AI-7 
 
 
Table IV.8 presents the characterization data of the catalysts prepared 
by aqueous impregnation. In general, the normalized lactobionic acid yields, 
and the TOFs values, are much higher than those of the catalysts prepared by 
WI (Table IV.5). The Pd/Bexp/calc ratios determined by XPS are also much 
higher than for the catalysts prepared by WI which means that more 
(a) (b) 
(c) 
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palladium is available at the surface to carry out the sugar oxidation reaction. 
A correlation between these ratios and the normalized activity appears for 
the catalysts reduced under hydrogen. The higher the normalized activity, 
the higher the Pd/Bexp/calc ratios. The XRD particle size values calculated 
using Scherrer equation are in the range of those observed by TEM, with 
similar values for all samples of this series (~ 16 nm). In some cases, the 
diffractograms were featureless, probably due to poor crystallinity. When 
considering all the normalized activity in LBA versus the palladium 
dispersion measured by CO chemisorption, a maximum appears for AI-6. It 
seems that when activating the catalysts thermally, the effect of increasing 
the temperature of reduction or using pure H2 rather than diluted Ar/H2 is the 
same: bigger particles are obtained (lower dispersion).  
 
Table IV.8: Characterization of Pd/h-BN catalysts prepared by AI with 
Pd(NO3)2 as precursor 
 
a
 using Debye-Scherrer equation (Chapter VIII – section VIII.6.4) 
b
 The peaks were lost in the background noise 
c
 Determined by XPS 
d
 TOF = 
)time.dispersion.Pdmol(
)lactoseconvertedmol(
  
Code 
Particle size (nm) Pd/Bc 
(Exp/calc) 
Disp. 
Pd (%) 
Y*LBA 
(%.(mgPd)-1) 
at t = 4h 
TOFd 
(s-1) XRDa TEM 
AI-1 b 3-20 2.08 3.53 3.67 0.0382 
AI-2 16 3-20 4.58 n.d. 4.19 n.d. 
AI-3 17 < 3 ; 3-20 2.88 11.67 2.71 0.0085 
AI-4 16 3-20 4.23 7.57 3.50 0.0170 
AI-5 b < 3 ; 3-15 4.80 12.87 1.44 0.0041 
AI-6 15 3-15 4.34 7.14 6.00 0.0309 
AI-7 b < 3 ; 3-20 7.73 3.80 3.62 0.0351 
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For all 1wt.% Pd catalysts presented in Table IV.7 and IV.8, the 
oxidation state of Pd was always zero before the calcination step. However 
for AI-4 and AI-3, having a higher loading in palladium, Pd (II) was also 
present before calcination which is due to a thicker coverage of palladium 
preventing the top layer to be in direct contact with BN and to be reduced. 
After calcination, in all cases, palladium was present as Pd (II) while 
palladium zero was always present after reduction (Figure IV.13). 
 
The particle size histogram for AI-1 (Figure IV.14) shows a small 
proportion of particles inferior to 3 nm and many of them falling in the range 
3 -15 nm, in line with the good activity.  
 
Figure IV.13 (a): XPS Pd3d spectrum of AI-4 before calcination, after 
calcination and after reduction  
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Figure IV.13 (b): XPS Pd3d spectrum of AI-6 before calcination, after 
calcination and after reduction  
 
Figure IV.14: Particle size distribution of AI-1 
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AI-2, reduced under hydrogen, has a particle size distribution comprised 
between 7 and 15 nm with no particles inferior to 3 nm (Figure IV.15). 
When the loading is increased to about 3 % of palladium (AI-3), small 
particles appear at the surface of the catalysts and the activity decreases 
(Figure IV.15). At 5 wt.% Pd (AI-4), the range is comprised between 3 and 
20 nm which is close to the ideal range of size for active catalysts in this 
reaction (Figure IV.15).  
 
 
 
 
Figure IV.15: Particle size distributions measured by TEM for AI-2, AI-3 and 
AI-4 
 
The particle size distribution of the last three catalysts, reduced under 
H2(5%)/Ar(95%) are presented in Figure IV.16. AI-5 contained about 10 % 
of small particles at the catalyst surface which influence negatively the 
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activity (Figure IV.16). AI-7 also has a small proportion of particles with a 
size inferior to 3 nm but the activity remains good (Figure IV.16). It seems 
that when the proportion of particles with a size smaller than 3 nm is equal 
or above 10 % there is a negative effect on the activity. The particle size 
distribution of AI-6 shows a narrow particle size in range 3 to 15 nm, which 
is the ideal range for the oxidation of lactose (Figure IV.16) as observed for 
the catalysts prepared by wet impregnation and gives the most active catalyst 
per mg of Pd in terms of Y*LBA. When looking at the TOF values, AI-6 also 
stands out with the best value, together with AI-1 and AI-7. 
 
 
Figure IV.16: Particle size distribution measured by TEM for AI-5, AI-6 and 
AI-7 
 
The palladium dispersions determined by CO chemisorption for the 
catalysts prepared by AI are globally higher than those obtained for the 
catalysts prepared by WI. The correlation of the activity with palladium 
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dispersion of the catalysts from Tables IV.5 and IV.8 shows the lowest 
activity when the dispersion is lower than 4 % or above 8 % (Figure IV.17). 
The ideal range of dispersion is then situated between these two values with 
a maximum for AI-6. On each side, the activity decreases progressively. A 
high dispersion is detrimental for this reaction. Again, here, the important 
factor influencing directly the activity is the presence of small particles at the 
surface of the catalyst: AI-3 and AI-5 exhibit the best dispersion, meaning 
more small particles at the surface, but both have the lowest activity of this 
table. In the ideal range, the fact that a catalyst is more active than another is 
due to the proportion of metallic particles with a size inferior to 3 nm. For 
the catalysts having a Pd dispersion between 4 and 8 %, when the proportion 
of small particles is close to 10 %, the catalyst is less active than its 
homologous containing less than 10 % of particles inferior to 3 nm (Figure 
IV.16: AI-7 compared to AI-6, for example). AI-4 and AI-6 have the same 
Pd/Bexp/calc ratio determined by XPS, the same calculated size by Scherrer 
equation from XRD analysis, but AI-6 is more active than AI-4. The only 
difference between these two samples reside in the size distribution in 
which, for AI-4, a small proportion of particles superior to 15 nm are 
present. These could also influence the catalytic performance in this 
reaction. The catalyst AI-6, which presents a maximum in Figure IV.17, has 
also the narrowest size distribution and the highest normalized yield in 
lactobionic acid. In comparison with literature, the TOF values obtained in 
this work were lower than those reported in the work of Mäki-Arvela et al. 
for their Pt/C catalysts [115]. In addition they also tested Ru/C materials (but 
not Pd), and TOF values were lower than our catalysts. In this same paper, 
the authors reported that TOF in lactose oxidation decreases with increasing 
metal dispersion. In our case, when plotting TOF values vs dispersion, this 
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tendency seems to be present only for the AI catalysts. The selectivity was 
also always higher here than the selectivity reported for Pt or Pd/C and 
Pd/Al2O3 catalysts described in the literature for this reaction [65,115]. 
 
Figure IV.17: Activity of catalysts prepared by AI and WI in function of 
palladium dispersion (in %) 
 
The Pd/h-BN catalysts were also tested in glucose oxidation and were 
active: 2.46 % of gluconic acid per mg of Pd were obtained after 4 h reaction 
with WI-19 for example. XPS analyses after every catalytic test were carried 
out and it was observed that the Pd0 present in the catalysts before test was 
not oxidized during the reaction. All the catalytic test filtrates were analyzed 
by AAS or ICP and Pd leaching was always ≤ 1 %. It seems that the 
catalysts reduced thermally (AI) are more stable (i.e. less leaching; losses < 
0.5 %) than the catalysts reduced chemically (WI, losses ≤ 1 %). Some 
0
1
2
3
4
5
6
7
0 2 4 6 8 10 12 14
Y
*
LB
A
(%
.
(m
gP
d-
1 ))
Pd dispersion (%)
AI
WI
Chapter IV: Particle size effects with Pd/h-BN catalysts 
 
180 
catalysts after test were characterized again by XRD. Particles sizes 
calculated using Scherrer equation are in the same size range or lower in the 
used catalysts than before test.  
IV.3. Conclusions 
In this chapter, it was shown that the activity in lactose oxidation into 
lactobionic acid in the aqueous phase is greatly influenced by the particle 
size distribution of Pd at the surface of the support. Pd/h-BN catalysts were 
prepared by wet impregnation (WI) and aqueous impregnation (AI). Very 
active and selective Pd catalysts supported on h-BN were obtained by both 
synthesis methods employed. It was also shown, for the catalysts prepared 
by WI that the hydrophilic(phobic) character of the solvent had an influence 
on the particle size and thus on the activity of the catalysts supported on 
Al2O3 or BN. By changing the loading of Pd/BN catalysts prepared by WI, 
no real effect on the particle size distribution appeared in the catalysts 
prepared in water/methanol mixture. The effect was more important in 
toluene because the catalyst with 5 wt.% Pd had a lot of very small particles 
at the surface of the support. The particle size distribution was influenced by 
the reducing agent for the catalysts prepared by aqueous impregnation. 
  
The ideal catalyst needed for this reaction has to be composed of a very 
well reduced metal on a non-porous support. The metallic particles on the 
support have to present a size distribution comprised between 3 and 15 nm 
with no particles inferior to 3 nm. The latter particles were shown to have a 
negative influence on the activity. This corresponds to a palladium 
dispersion comprised between 4 and 8 % with less than 10 % particles 
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inferior to 3 nm. Under such conditions, very active catalysts are produced 
with 100 % selectivity for the desired oxidation product. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
Chapter V 
GOLD AS ACTIVE PHASE OF SUPPORTED 
CATALYSTS FOR LACTOSE OXIDATION 
 
 
In this chapter, gold as active phase in supported catalysts will be 
evaluated for the selective oxidation of lactose. The catalysts were prepared 
by wet impregnation by varying the synthesis solvent, the Au loading or the 
reducing agent. The first part of this chapter will be devoted to the catalytic 
performances of Au/h-BN catalysts in direct comparison with Pd/h-BN 
catalysts. In the second part, three other supports will be used and their 
influence in lactose oxidation will be studied.  It will be finally followed by 
the evaluation of the catalysts recycling and regeneration. 
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V.1. Introduction 
As mentioned in Chapter I, gold nanoparticles have demonstrated 
exceptional catalytic activity in CO oxidation for example, which was 
related to quantum size effects within very small gold particles [175,329,330].  
Moreover, gold presents in general a high resistance to deactivation which 
makes it a more stable active phase than other noble metals such as 
palladium or platinum [37,65,175]. In the preceding chapters, boron nitride has 
been evaluated as catalyst support and it was shown that it is an appropriate 
candidate to obtain high selectivity in the oxidation of lactose. The best 
Pd/h-BN catalysts presented a particle size distribution comprised between 3 
and 15 nm with no particles smaller than 3 nm. In this chapter, we will try to 
combine the high catalytic activity of gold with the promising support which 
is boron nitride, in order to obtain catalysts presenting optimized activities 
and selectivites in the oxidation of lactose to lactobionic acid. In addition to 
the evaluation of Au/h-BN catalysts, we will compare boron nitride with 
three other supports: α-Al2O3, γ-Al2O3 and C black. Carbon black was chosen 
because it has a surface area close to h-BN. 
 
Gold supported catalysts have been described in the literature as good 
candidates for lactose oxidation. For example, Mirescu et al. studied the 
influence of several parameters on the activity of Au/Al2O3 and Au/TiO2 [65]. 
They have shown that at 80 °C, the activity was much lower than at 40°C 
because of the lower solubility of oxygen and that Au/Al2O3 were 
deactivated in acidic medium as well as in strong alkaline pH. The recycling 
was also studied with Au/Al2O3 and a loss of activity was observed but the 
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catalysts were still able to carry out the reaction with 99 % of selectivity in 
LBA.  
The group of Belkacemi has shown that with Au/mesoporous silica, no 
overoxidation of LBA appears and thus, there is no need to control the 
oxygen flow during the catalytic tests [107]. Murzin et al. used various 
supported gold catalysts to study the influence of pH, temperature and O2 
flow rate [76,103]. They have monitored the electrochemical catalyst potential 
in situ for Au/Al2O3 and Au/Fe3O4 catalysts and they found that the surface 
is saturated by oxygen at low conversion levels [103]. In general, with gold 
catalysts, more than 90 % of lactose conversion is reached with a selectivity 
superior to 95 % [36,37].  
V.2. Results and discussion 
These results were obtained in collaboration with Coralie Renders 
during her Master thesis [331]. 
The catalysts presented in this Chapter have been synthesized by wet 
impregnation (WI). The samples obtained were characterized by XPS, XRD 
and TEM. The preparation methods and the conditions used to carry out the 
oxidation reaction are described in Experimental part (Chapter VIII – section 
VIII.4 and VIII.6.1). The characterization techniques employed are detailed 
in Chapter VIII – section VIII.7. Textural properties of h-BN and α-Al2O3 
have been presented in Chapter III. Those of γ-Al2O3 and C black are 
presented in Table V.1 and the nitrogen isotherms are shown in Chapter IX – 
section IX.19). 
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Table V.1: Textural properties of γ-Al2O3 and C black 
Supports S BET (m²/g) Vp (cm³/g) BJH Pore size (nm) 
γ-Al2O3 173 0.2373 5.83 
C black 63 0.2350 16.8 
 
V.2.1. Au/h-BN catalysts prepared by wet impregnation  
Boron nitride supported gold catalysts have been prepared with metal 
loadings of 1 to 5 wt.%, by the wet impregnation (WI) method, meaning in 
an excess of solvent. The gold precursor selected is gold (III) chloride 
trihydrate: HAuCl4.3H2O. The catalysts prepared by WI together with the 
synthesis solvent used as well as the metal loading determined by atomic 
absorption spectroscopy are summarized in Table V.2. When water or 
acetonitrile were used as impregnation solvents, all the metal was deposited 
on the support. For the catalyst prepared in water-methanol (Au_WI-6) with 
5 wt.% of Au, it can be observed that the amount of gold not deposited on 
the support is non-negligible.  
The average metallic particle size was determined by XRD using 
Scherrer equation (Chapter VIII – section VIII.7.4) and the amount of gold 
present at the catalyst surface was analyzed by XPS (Table V.3). No 
poisoning by atom chloride was detected by XPS. The lowest average 
particle size has been observed for the samples prepared in acetonitrile while 
the highest are present when using water-methanol. The smallest particles 
are obtained when the most hydrophobic solvent is used. Indeed, the 
hydrophobicity increases following acetonitrile > water-methanol > water 
Chapter V: Au as the active phase for lactose oxidation 
 
188 
[325,326]
. Au_WI-6 and Au_WI-7 present a very small Au at.% at boron nitride 
surface, in relation with their low loadings. 
 
Table V.2: Au/h-BN catalysts prepared by wet impregnation 
Code 
Impregnation  
solvent 
Reducing  
agent 
Au (wt.%)  
engaged 
Au loadinga  
(wt.%) 
Au_WI-1 H2O NaBH4 4.92 4.92 
Au_WI-2 H2O NaBH4 1.02 1.02 
Au_WI-3 CH3CN NaBH4 5.07 5.03 
Au_WI-4 CH3CN NaBH4 3.08 3.08 
Au_WI-5 CH3CN NaBH4 1.00 1.00 
Au_WI-6 CH3OH-H2O Formaldehyde 4.95 2.96b 
Au_WI-7 CH3OH-H2O Formaldehyde 0.99 0.99 
a
 Au loading determined by difference after atomic absorption analysis of the synthesis filtrates 
b
 5 wt.% were engaged for Au_WI-6 during the synthesis 
 
Table V.3: XRD and XPS results for Au/h-BN catalysts prepared by WI 
Code 
Average particle size  
by XRD (nm) 
Atomic % Au 
(XPS) 
Au/B*100 
(XPS) 
Au_WI-1 25.3 0.136 0.279 
Au_WI-2 34.1 0.064 0.150 
Au_WI-3 18.3 0.523 1.090 
Au_WI-4 17.5 0.384 0.840 
Au_WI-5 11.8 0.100 0.214 
Au_WI-6 46.7 0.017 0.035 
Au_WI-7 37.5 0.009 0.018 
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The fact that the XPS ratios and atomic percentages are very weak 
could be connected to the efficiency of the reducing agent. Indeed, NaBH4 is 
a stronger reducer than formaldehyde which is maybe too weak to reduce 
gold completely, in the synthesis conditions employed. However, when 
comparing XPS Au4f spectra for Au_WI-6, Au_WI-7 and Au_WI-2 (reduced 
with NaBH4), it can be observed that the peaks are all well aligned and 
correspond to the gold metallic phase (Figure V.1). A difference in intensity 
is nevertheless observed. This could be because a softer reducer would take 
more time to produce Au0, favoring growth of the gold particles, while 
NaBH4 will nucleate more rapidly the particles at the support surface giving 
smaller particles for a same amount of metal engaged. This seems to be 
confirmed by XRD and by TEM. 
 
Figure V.1: XPS Au4f spectra for Au_WI-2, Au_WI-6 and Au_WI-7 
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Figures V.2 and V.3 present respectively TEM images of Au_WI-2 and 
Au_WI-7. The particle size is very different for these two samples. Indeed, 
the catalyst prepared in water-methanol mixture exhibits some huge 
aggregates with a size of 200 nm (Figure V.3) while the metallic particles of 
Au_WI-2 are of the order of 10 nm (Figure V.2). These images permit to 
explain the weak percentage of gold detected for Au_WI-6 and Au_WI-7 by 
XPS, which analyzes only 5-10 nm thickness.  
  
Figure V.2: TEM of Au_WI-2 prepared in water (Au 1wt.%/h-BN) 
  
Figure V.3: TEM of Au_WI-7 prepared in water-methanol (Au 1wt.%/h-BN) 
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All these catalysts have been tested in the oxidation of lactose into 
lactobionic acid (LBA) for 4h. At this time, except for the two catalysts 
prepared in water/methanol, they all reach 100 % yield with 100 % 
selectivity. However, the time to convert lactose differs from one catalyst to 
the other (Table V.4). The curves showing the evolution of activity over time 
are presented in Supplementary Information (Chapter IX – section IX.20). 
Au_WI-2 contains only 1% of Au and converts lactose as fast as Au-WI-1 
loaded with 5 % of metal. These results show the high activity of Au/h-BN 
catalysts, much higher than the best Pd/h-BN presented in the preceding 
chapters. In the following sections, we will focus our attention on catalysts 
containing only 1 wt.% of Au.  
 
Table V.4: Time to convert lactose entirely with Au/h-BN catalysts 
Code 
Au loading 
(wt.%) X Lactose (%) 
Time for  
complete conversion 
Au_WI-1 4.92 > 99 2h36 
Au_WI-2 1.02 > 99 2h  
Au_WI-3 5.03 > 99 1h28 
Au_WI-4 3.08 > 99 1h23 
Au_WI-5 1.00 > 99 2h43 
Au_WI-6 2.96 0 / 
Au_WI-7 0.99 0 / 
 
As expected, the catalysts prepared in water/methanol mixture were not 
able to carry out the transformation. This observation can be explained by 
the TEM images showing large aggregates for these catalysts that imply a 
too low amount of available surface atoms for the substrate to be converted. 
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Moreover, with our Pd/h-BN catalysts, we have previously observed that the 
highest activity in LBA was obtained when particle size distribution was 
comprised between 3 and 15 nm.  
 
At the end of the catalytic tests, the filtrates were analyzed by atomic 
absorption spectroscopy and we observed weak Au losses for the catalysts 
prepared in acetonitrile only (4.08 %, 7.21 % and 6.19 % of the total Au 
amount engaged respectively for Au_WI-3, Au_WI-4 and Au_WI-5). For 
this reason, the next steps will be investigated with the catalysts prepared in 
water. 
V.2.2. Diffusional limitations 
As mentioned in the introduction, mass transfer limitations play an 
important role on the reaction rate in heterogeneous catalysis. Before 
studying several parameters that could influence the catalytic results with 
Au/h-BN materials, the absence of diffusional limitation had to be checked 
given their very high activities. Boron nitride is a “non-porous”/macroporous 
support and should not exhibit internal diffusion limitations referring to the 
reactant diffusion throughout the porous network. In order to verify this, the 
catalyst can be ground and the catalytic activity should not change. 
Moreover, when the reactants flow is too low, the observed rate could also 
be controlled by external diffusion and therefore not represents the actual 
rate of the catalyzed reaction [123,263,264]. This phenomenon can be detected by 
increasing the stirring rate. The other problem is the total occupancy of the 
active sites by the reactants and the rate limiting factor is, in this case, the 
surface reactivity. By decreasing the catalyst amount, the number of active 
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sites decreases as well leading in principle, to a lower reaction rate in the 
same proportions.  
The control experiments for diffusional limitations have been carried 
out with Au_WI-2 catalyst synthesized in water and containing 1 wt.% Au. 
Six catalytic tests were followed over time by taking out samples of the 
reaction mixture every 30 minutes, for 4h (Table V.5) and analyzing them by 
HPLC. 
 
Table V.5: Catalytic tests realized with Au_WI-2 when varying the catalyst 
amount and the stirring rate 
Code Mass of catalyst (mg) Parameter studied 
Au_WI-2 500 Stirring at 1000 rpm 
Au_WI-2 500 Stirring at 1500 rpm 
Au_WI-2a 500 Ground before test 
Au_WI-2 250 Stirring at 1000 rpm 
Au_WI-2 250 Stirring at 1500 rpm 
Au_WI-2a 250 Ground before test 
a
 catalysts were ground and the fraction of the grain powder comprised between 50 and 
100 µm was kept for the test 
 
Lactobionic acid selectivity was 100 % in each case. The yields in 
lactobionic acid at 1000 or 1500 rpm stirring rate are similar whatever the 
amount of catalyst engaged. The evolution of the activity for the ground and 
not ground catalysts is presented in Figure V.4. The grinding has no effect 
on the catalytic performances and when the amount of catalyst was halved, 
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the lactobionic acid yield decreased proportionally. All these observations 
confirm that there is no diffusional limitation. 
 
Figure V.4: Monitoring of the oxidation of lactose into lactobionic acid for 4h 
with 500 and 250 mg of Au/h-BN catalyst ground and not ground 
V.2.3. Influence of the support nature 
It is described in the literature that the support can have an important 
effect on the activity. For example, Murzin et al. studied lactose oxidation 
with several supports, mainly Fe3O4 and Al2O3 and they have shown that 
Au(2 wt.%)/Al2O3 was the most active with a LBA selectivity of 95 % at 20 
% lactose conversion. Au/Fe3O4 catalyst was shown to be more prone to 
deactivation because of oxygen coverage on the surface [103].  
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Au/h-BN supported catalysts are very active in the selective oxidation 
of lactose. Three other supports have been selected for comparison with 
boron nitride: α-Al2O3, γ-Al2O3 and Cblack. Table V.6 presents the catalysts 
synthesized by wet impregnation and their Au loading. All these catalysts 
presented a metallic Au0 state on the surface after activation (Figure V.5). 
 
Table V.6: Gold catalysts prepared by WI on different supports 
Code Support Au loadinga (wt.%) 
Au_WI-2 h-BN 1.02 
Au_WI-8 α-Al2O3 1.05 
Au_WI-9 γ-Al2O3 1.04 
Au_WI-10 Cblack 1.07 
a
 Au loading determined by difference after atomic absorption analysis of the synthesis filtrates 
 
Figure V.5: Au4f peaks for the catalysts containing 1wt.% of gold prepared by 
WI, on several supports 
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The evolution of activity has been followed for 4h in order to determine 
the time needed to convert 100 % of lactose (Table V.6). The curves are 
presented in SI (see Chapter IX – section IX.21) α-Al2O3 permits to obtain 
the most rapidly total conversion of lactose. γ-Al2O3 allows also a high 
conversion of lactose followed by h-BN while Cblack gives lower results. In 
order to make comparisons, the yield after 1h reaction was determined by 
HPLC and it is also shown in Table V.7. In all cases, > 99 % selectivity was 
obtained whatever lactose conversion reached, therefore YLBA equals the 
conversion. The catalytic filtrates have been analyzed by atomic absorption 
spectroscopy and no Au losses were observed during the oxidation reaction. 
We can point out that Au(1 wt.%)/h-BN catalysts are, after 1h, even more 
active than their homologues Pd(1 and 5 wt.%)/h-BN after 4h (see chapter 
IV). 
 
Table V.7: Catalytic results for Au catalysts on different supports 
Code Support 
Time at > 99 % 
conversiona 
Y LBA after 
1h reactionb 
Au_WI-2 h-BN 120 minutes 68 % 
Au_WI-8 α-Al2O3 93 minutes 87 % 
Au_WI-9 γ-Al2O3 106 minutes 81 % 
Au_WI-10 Cblack 162 minutes 53 % 
a
 Determined by automatic titration 
b
 Determined by HPLC 
 
The four catalysts were characterized by TEM and XPS before and after 
1h reaction in order to make comparisons. Table V.8 shows the XPS surface 
atomic percentage and Au/B,C or Al atomic ratios. The first observation is 
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that the higher the atomic Au percentage, the higher the catalytic activity. 
Except for γ-Al2O3 where an obvious decrease can be observed, the XPS 
results do not vary much after a catalytic test.  
 
Table V.8: XPS results for 1 wt.% Au catalysts on different supports before 
and after 1h catalytic test 
Code Support 
XPS: Before test XPS: After test 
Au 
at. % 
Au/(B,C,Al) 
*100 
Au 
at. % 
Au/(B,C,Al) 
*100 
Au_WI-2 h-BN 0.064 0.150 0.067 0.150 
Au_WI-8 α-Al2O3 0.649 1.990 0.672 2.424 
Au_WI-9 γ-Al2O3 0.251 0.740 0.079 0.290 
Au_WI-10 Cblack 0.041 0.042 0.040 0.040 
 
TEM images of Au_WI-2 (Au/h-BN) show a relatively homogeneous 
distribution of the particles on the support as described previously (Figure 
V.2), before but also after the catalytic test (Figure V.6). 
  
Figure V.6: TEM images of Au_WI-2 after a catalytic test 
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The particle size distribution was also established by measuring around 
100 particles by TEM (Figure V.7). The histograms before and after catalytic 
test are similar, confirming the XPS results. The average size of gold 
particles is comprised between 5 and 15 nm, with only a very few particles 
below 3 nm.  
 
Figure V.7: Particle size distribution of Au_WI-2 – before test and Au_WI-2 – 
after test 
 
Figure V.8 and Figure V.9 show TEM images of Au_WI-8, prepared on 
alpha alumina, before and after a catalytic test. It comes out here that the 
particle size distribution is more heterogeneous than in the case of hexagonal 
boron nitride as confirmed by the histograms presented in Figure V.10. 
Moreover, after the catalyst use, small particles seem to be formed, leading 
to an increase in the proportion of particles with a size comprised between 3 
and 5 nm. At some places, bigger agglomerates are present while smaller 
particles can be found at other locations.  
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Figure V.8: TEM images of Au_WI-8, before a catalytic test 
 
Figure V.9: TEM images of Au_WI-8, after a catalytic test 
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 Figure V.10: Particle size distribution of Au_WI-8 before test and Au_WI-8 
after test 
 
TEM images have also been taken for the catalysts prepared on γ-Al2O3 
and Cblack. However, for these two samples, due to the lack of contrast 
between support and metal particles in the TEM images, the size distribution 
could not be determined correctly. In the case of γ-Al2O3, a mix of small 
particles and bigger aggregates are present before and after being tested in 
the oxidation reaction (Figure V.11). Figure V.12 shows two images of 
Au_WI-10 (Au/Cblack), before test but the gold particles are not easily 
visualized.  
Chapter V: Au as the active phase for lactose oxidation 
201 
  
  
 Figure V.11: TEM images of (a),(b) Au_WI-9 before and (c),(d) after a 
catalytic test 
 
 
(a) (b) 
(c) (d) 
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Figure V.12: TEM images of Au_WI-10 (Au/Cblack) before a catalytic test 
 
The curves presenting the evolution of the activity with time permit to 
determine the specific activity (see SI in Chapter IX – section IX.21) of the 
catalysts. For Au_WI-8 supported on α-Al2O3, the specific activity is 12 
mmol.min-1.g-1. The catalyst supported on boron nitride presents a specific 
activity of 7.5 mmol.min-1.g-1 which is higher than the best Pd/h-BN catalyst 
described in Chapter IV (IV.2.2) that displayed an activity of 2.5 mmol.min-
1
.g-1. The gold catalysts presented in this chapter are competitive with the 
best gold catalysts for lactose oxidation found in the literature. Indeed, 
Mirescu et al. obtained a specific activity of 18 mmol.min-1.g-1 for a Au/TiO2 
catalyst [65].  
V.2.4. Recycling of the catalysts 
The recycling of a catalyst can be defined as a re-usability of this 
catalyst in similar catalytic tests conditions. In the literature, studies about 
catalyst recyclability are quite scarce in sugars oxidation. Even though Au 
supported catalysts have been shown to be the best for lactose oxidation, 
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they are very often deactivated at prolonged reaction times and uses [37]. In 
this section, the recycling of the catalysts prepared by wet impregnation on 
boron nitride and on the three other supports will be studied. The catalysts 
will be characterized by TEM and XPS in order to see the impact of several 
uses  
V.2.4.1. Recycling of 1 wt.% Au catalysts prepared on different 
supports 
The catalysts prepared with 1 wt.% of Au on several supports have been 
recycled. These catalytic tests have been carried out for 1h only in order to 
point out the differences more easily. After a second use, the catalyst 
supported on γ-Al2O3 gives the best yield in LBA (Figure V.13). However, 
this catalyst suffers from a loss in the selectivity because of the formation of 
2-keto-lactobionic acid. This might be attributable to the presence of 
hydroxyls functions at the support surface as shown in Chapter II, 
considering that the selectivity was shown to be influenced negatively when 
the number of surface oxygenated groups increased. Indeed, the XPS Au/Al 
ratio decreases after one test suggesting a particle agglomeration. Thus, 
during the second run, the –OH present at the surface become more 
accessible and are able to influence the selectivity. We can conclude that the 
–OH functions are deleterious for the selectivity but beneficial for the 
stability. α-Al2O3 gives better results than h-BN and C black after a second use 
with still 100 % selectivity. No Au losses were observed after two catalytic 
tests. 
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Figure V.13: 1st and 2nd  use of Au(1 wt.%) catalysts supported on several 
supports in lactose oxidation after 1h reaction 
 
XPS characterization data of the catalysts before use, after one test and 
after a second test are presented in Table V.9. The catalyst prepared on h-BN 
does not show any change in Au atomic % or in Au/B atomic ratios over the 
uses. When C black is used, the surface Au % decreases after the second use 
which might correspond to an agglomeration of the particles. On the 
opposite, with α-Al2O3 as support, an increase is observed which could be 
due to a re-distribution of the metallic particles.  
TEM images after two catalytic tests (Figure V.14 and V.15) have been 
taken and the particle size distributions before, after one and two runs were 
determined for the catalysts prepared on h-BN and α-Al2O3. For Au/h-BN 
catalyst (Au_WI-2), the particle size distribution profile remains unchanged 
while for Au/α-Al2O3, some large particles are present after two runs in 
addition to smaller ones (Figures V.16 and V.17). After the second run, the 
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proportion of the particles inferior to 3 nm decreases significantly compared 
to the case after one run in favor of particles with a size superior to 10 nm. 
Table V.9: XPS results of Au (1wt.%) catalysts supported on different supports 
before use, after one and two uses. 
Code Support 
Au atomic % (XPS) Au/(B,C,Al)*100 (XPS) 
BTa 1st use 2nd use BTa 1st use 2nd use 
Au_WI-2  h-BN 0.064 0.067 0.063 0.15 0.15 0.14 
Au_WI-8 α-Al2O3 0.649 0.672 0.896 1.99 2.43 2.99 
Au_WI-9 γ-Al2O3 0.251 0.079 0.196 0.74 0.29 0.72 
Au_WI-10 Cblack 0.041 0.040 0.031 0.042 0.04 0.033 
a
 before test 
 
  
Figure V.14: TEM images of Au_WI-2  (Au/h-BN) after two uses in lactose 
oxidation 
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Figure V.15: TEM images of Au_WI-8 (Au/α-Al2O3) after two uses in lactose 
oxidation 
 
Figure V.16: Particle size distribution in Au/h-BN catalysts before test, after 
one and after two runs 
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 Figure V.17: Particle size distribution of Au/α-Al2O3 catalysts before test, after 
one and after two runs 
V.2.4.2. Identification of deactivation causes of Au/h-BN and Au/α-
Al2O3 catalysts 
A monitoring over time was realized during the second run of these two 
catalysts for 4h (Figure V.18). Both catalysts give relatively high activities 
after 4h, with an optimal selectivity towards lactobionic acid. However, 
compared to their first run, a non-negligible loss of activity was observed. 
Here, the possible causes of deactivation are leaching, sintering or poisoning. 
We will try to identify which of the three is the predominant effect. 
 
Chapter V: Au as the active phase for lactose oxidation 
 
208 
 
Figure V.18: Monitoring of the oxidation of lactose into lactobionic acid for 4h 
with Au_WI-8 (Au/α-Al2O3) and Au_WI-2 (Au/h-BN) during their 2nd run 
 
a) Leaching 
 
The cause of the deactivation of these two catalysts is not leaching 
because no Au has been found in the catalytic test filtrates. The classical hot 
filtration experiment could have confirmed it further. 
 
b) Sintering 
In order to verify if the activity loss during the second run is due to 
sintering, the characterization data of the catalysts after one run have to be 
analyzed.  For Au/h-BN, no particle growth was observed by TEM and the 
particle size distribution profile remains unchanged after one test indicating 
that no sintering occured [273,332]. The majority of particles have a size 
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comprised between 5 and 10 nm. The proportion of particles smaller than 3 
nm remains inferior to 10 % which is favorable in lactose oxidation as 
described in Chapter IV. In addition, Au/B ratios and Au atomic % 
determined by XPS do not vary after one test. Concerning Au/α-Al2O3, the 
metallic particles are not growing either. However, they tend to decrease 
after one test giving a higher proportion of particles smaller than 3 nm, as 
observed in particle size distribution. XPS Au/Al ratios confirm this 
observation because it increases after one run corresponding to a higher 
number of active sites present on the surface and thus a higher metallic 
dispersion. The fact that during the 2nd run this catalyst is not as active is 
explained by the presence of these particles smaller than 3 nm which play a 
detrimental role in this reaction as described in the previous chapter.  
c) Poisoning 
 
Poisoning of the metal surface by strongly adsorbed species such as 
impurities, products, by-products or oxygen can occur [38]. In order to 
determine if a surface anchoring of sugars appears on the supports without 
metallic phase, two catalytic tests with the supports alone have been carried 
out and these were analyzed before and after tests by XPS. The atomic 
percentages of C and O on the surface of h-BN before and after test were 
similar (Table V.10). Concerning α-Al2O3 it did not show significant 
differences in O and C atomic % before and after test. The possible poisons 
are molecular oxygen, lactose or lactobionic acid. Molecular oxygen can 
poison the active phase which will then be oxidized or it might only be 
adsorbed. The oxidation state of gold does not vary over the catalyst runs for 
Au_WI-2 (Figure V.19 (a)) but seems to be slightly different for Au_WI-8 
after two runs (Figure V.19 (b)). But before the 2nd run, Au was only 
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metallic. However, Au is usually less sensitive to O2 poisoning and this can 
be excluded here. 
 
Carbon and oxygen surface percentages as well as O/(B or Al) and C/(B 
or Al) have been determined by XPS and compared before, after one and 
after a second run for the Au catalysts. In both cases, the oxygen % as well 
as O/B or O/Al ratios increase after the first run (Table V.10 and SI Chapter 
IX – section IX.22). The XPS O1s peaks are similar before and after test for 
both catalysts and correspond probably to adsorbed oxygen. In the case of 
Au/α-Al2O3 (Au_WI-8), C atomic % increases after one test, which may 
indicate sugar or product poisoning (see SI in Chapter IX – section IX.22). 
When the sugar or LBA is adsorbed on Au particles, hydrogen-bridge bonds 
can appear between the OH functions of the support and –O– atom of lactose 
or the C=O of LBA. In addition, it was shown in the literature that LBA can 
have an inhibiting effect on lactose conversion by catalyst deactivation [106].  
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Table V.10: XPS characterization results for Au_WI-2 and Au_WI-8 
Code % O % C O/B C/B 
h-BN 3.02 3.92 0.063 0.082 
h-BN blanka 3.56 3.82 0.075 0.080 
Au_WI-2 4.72 4.85 0.106 0.110 
Au_WI-2 1st run 5.42 2.66 0.119 0.058 
Au_WI-2 2nd run 4.13 4.53 0.091 0.100 
 % O % C O/Al C/Al 
α-Al2O3 51.0 13.5 1.53 0.41 
α-Al2O3 blank a 54.1 11.9 1.56 0.34 
Au_WI-8 54.5 12.4 1.67 0.38 
Au_WI-8 1st run 55.2 15.7 1.99 0.57 
Au_WI-8 2nd run 56.1 12.6 1.88 0.42 
a
 Supports alone tested in oxidation reaction   
 
To conclude, poisoning is probably the cause of activity losses. This 
effect could be confirmed by adding the poison at the beggining of the test to 
see the influence on YLBA. Then, the tested catalyst could be analyzed by 
TGA.  
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Figure V.19: XPS Au4f spectra of (a) Au_WI-2 and (b) Au_WI-8 before use, after 
one and two runs 
(a) 
(b) 
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V.2.5. Regeneration of the catalysts 
The recycling tests presented in the previous section have shown that 
the efficiency of our catalysts decreases significantly along the successive 
runs. In order to overcome this deactivation, two methods of regeneration 
have been tested. These methods aim at either cleaning up the poisoned 
catalyst surface, re-disperse the active phase or to reduce gold to the metallic 
oxidation sate. The first used method is chemical while the second one is 
thermal.  
Considering that the metallic state is the active phase for the oxidation 
of lactose, NaBH4 as a reducer was used to “re-activate” this phase if a thin 
layer of oxide had formed during the reaction. Indeed, for Au_WI-8, a slight 
shift in Au binding energy was observed after two runs (by XPS) which 
could correspond to Au+1 species. The activity after chemical regeneration 
was followed during 4h and it came out that the chemical regeneration has a 
negative impact on the catalytic performances because about 30 % lactose 
conversion after 4h was obtained (Figure V.20) while before this 
regeneration, almost 100 % was obtained after 4h as shown previously on 
Figure V.18. There is no significant difference in the catalytic performances 
between the two supported catalysts used. 
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Figure V.20: Monitoring of the oxidation of lactose into lactobionic acid for 4h 
with Au_WI-8 (Au/α-Al2O3) and Au_WI-2 (Au/h-BN) chemically regenerated 
 
In Chapter IV, it was shown that the best catalyst was obtained by 
aqueous impregnation followed by calcination and thermal reduction. It 
allowed obtaining the ideal particle size for the studied reaction. The same 
conditions will be applied here for the catalysts regeneration. The thermal 
regeneration of the catalysts will be carried out for the catalysts supported on 
α-Al2O3 and h-BN only. Indeed, at high temperature, γ-Al2O3 begins to be 
transformed in α-Al2O3 and Cblack is burnt. Au/h-BN and Au/α-Al2O3  after 
two runs have been calcined at 500°C and reduced at 200°C for 2h with 
H2(5%)/Ar(95%). These catalysts were monitored for 4h in lactose oxidation 
(Figure V.21). The selectivity in LBA was 100 % for both catalysts. The 
treatment applied failed to restore the initial catalyst effectiveness. However, 
the regenerated Au/h-BN showed a better activity than Au/α-Al2O3. It should 
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be noted that the calcination temperature could be optimized because above 
200 °C gold is spontaneously reduced, and 500 °C might not be enough to 
burn organic poisons. 
 
Figure V.21 : Monitoring of lactose oxidation of into lactobionic acid for 4h 
with Au_WI-8 (Au/α-Al2O3) and Au_WI-2 (Au/h-BN) thermally regenerated 
 
These catalysts have been characterized by XPS after the regeneration 
and after use of the regenerated catalysts for both chemical and thermal 
treatment. The atomic Au % and the Au/B or Au/Al obtained for the two 
catalysts are presented in Table V.11. Concerning the chemical regeneration, 
it gives lower Au atomic % and lower Au/B or Al ratios after treatment for 
both catalysts leading to a lower dispersion of the metallic phase. The use of 
these regenerated catalysts causes a re-dispersion of the metallic particles 
given the increased Au % at the catalyst surface and the higher Au/B,Al 
obtained after test.  
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Table V.11: XPS results of Au_WI-2 and Au_WI-8 after two runs, regeneration 
and tested regenerated catalysts 
Code 
After two runs Chemically 
regenerated 
Tested after  
regeneration 
Au at. 
% 
Au/(B,Al) 
*100 
Au at.  
% 
Au/(B,Al) 
*100 
Au at.  
% 
Au/(B,Al) 
*100 
Au_WI-8 
 α-Al2O3   
0.896 2.998 0.33 1.096 0.534 1.957 
Au_WI-2 
h-BN 0.063 0.140 0.035 0.098 0.066 0.138 
   Thermally regenerated   
Au_WI-8 
α-Al2O3   
0.896 2.998 0.371 1.253 0.310 1.121 
Au_WI-2 
h-BN 0.063 0.140 0.075 0.280 0.041 0.090 
 
Concerning the catalysts thermally regenerated, the catalyst prepared on 
α-Al2O3 displayed a decrease in the atomic Au % and of Au/Al ratio after 
regeneration, probably due to particles agglomeration. In the case of boron 
nitride supported catalyst, an increase was observed pointing towards re-
dispersion. Au XPS spectra of both catalysts, after thermal regeneration and 
use, show the presence of metallic gold (Figure V.22).  
 
The fact that Au/h-BN is more active after thermal regeneration than 
Au/α-Al2O3 could be due to the removal of the poisons of the active sites. 
During the regeneration process, the surface of gold is cleaned more easily in 
the case of BN thanks to the absence of functional groups on the support. 
But XPS analyses of carbon atomic % and C/B or C/Al atomic ratios did not 
permit to prove this hypothesis.  
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Figure V.22: XPS spectra of Au-WI-2 and Au-WI-8 after thermal regeneration 
and re-use 
 
TEM images of the thermally regenerated and tested catalysts (Figure 
V.23) show, in the case of Au_WI-8 supported on α-Al2O3 that the main 
difference before and after regeneration is the proportion of particles smaller 
than 3 nm which are absent for this latter. Particle size distributions of the 
catalysts after regeneration and after test allow confirming this observation 
(Figure V.24). Indeed, no particle inferior to 3 nm is present anymore for the 
regenerated catalyst or after its use in lactose oxidation while many much 
larger particles appear. The thermal regeneration implies an increase in gold 
particle size with α-Al2O3 as support.  
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Figure V.23: TEM images of Au_WI-8: (a), (b) after thermal regeneration and 
(c),(d) Au_WI-8 after test of regenerated catalyst 
(a) (b) 
(c) (d) 
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Figure V.24: Particle size distribution in Au/α-Al2O3 catalyst before test, after 
one run and after two runs, after regeneration and tested after regeneration 
Concerning the catalyst prepared on boron nitride, the thermal 
regeneration seems to be more beneficial on the particle distribution which is 
more homogeneous after regeneration as shown on the TEM images (Figure 
V.25). The particle size distributions for Au_WI-2 after regeneration and for 
the tested regenerated catalyst have been measured and as in the case of 
Au/α-Al2O3, the proportion of particles smaller than 3 nm decreased 
significantly (Figure V.26).  However, the amount of very large particles (> 
20 nm) did not increase as much. This shows that the regeneration step is 
beneficial for BN. 
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Figure V.25: TEM images of Au_WI-2: (a), (b) after thermal regeneration and 
(c),(d) after test of regenerated catalyst 
 
 
 
 
(a) (b) 
(c) (d) 
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Figure V.26: Particle size distribution in Au/h-BN
 
catalysts before test, after 
one run and after two runs, after regeneration and tested after regeneration 
V.3. Conclusions 
Au/h-BN catalysts have been prepared by the wet impregnation method. 
These are very active and selective in the oxidation of lactose, even after 1h 
reaction. They have all shown better activities than the Pd/h-BN catalysts 
presented in the previous chapters. Some tests have shown that we were not 
in diffusional regime. The influence of several supports has been studied: α-
Al2O3, γ-Al2O3 and Cblack in comparison with h-BN. It is shown that the 
catalyst prepared on α-Al2O3 is the most active and competitive with the best 
Au supported catalysts described in the literature. During their first run, they 
have all demonstrated 100 % selectivity towards LBA. After a 2nd run, a 
non-negligible loss of activity was observed except for γ-Al2O3. However, 
the selectivity for this catalyst was not 100% anymore. The causes of 
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deactivation were studied for Au/α-Al2O3 and Au/h-BN. The XPS 
characterization analyses have shown that a probable poisoning of metallic 
phase takes place during the catalytic reaction because the atomic O as well 
as O/B or O/Al ratios increased after one run. The poisoning is more 
consequent for Au/α-Al2O3 regarding the atomic C % that increased also 
after one run. In order to retrieve the effectiveness of the fresh catalysts, 
thermal and chemical regenerations have been envisaged for α-Al2O3 and h-
BN supported catalysts. Even though the catalysts were not as active as 
during their first run, the regeneration still allowed catalyzing the reaction 
with 100 % selectivity in LBA. The thermal regeneration was the most 
appropriate because it allows cleaning the surface of the actives sites 
previously poisoned. The Au0 oxidation state being relatively non-affected 
by the reaction, the chemical regeneration failed to restore lost performance, 
as expected. After thermal regeneration, the catalyst supported on boron 
nitride presented the highest activity. This could be explained by the 
presence of oxygenated functions on α-Al2O3 which stabilize surface poisons 
and might hinder cleaning during regeneration. 
 
 
 
 
 
 
 
 
 
 
  
 
Chapter VI 
BORON NITRIDE SUPPORTED CATALYSTS FOR 
THE HYDROGENATION OF LACTOSE 
 
 
 The previous chapters dealt with the use of Pd/h-BN for the selective 
oxidation of lactose. It was shown that the catalysts were active and selective 
for this reaction and that the latter is structure-sensitive. In this chapter, 
catalysts prepared by wet impregnation (WI) and aqueous impregnation (AI) 
have been evaluated in the selective hydrogenation of lactose into lactitol. 
The needs in terms of structural properties of the catalyst, in direct 
comparison with the oxidation of lactose, will be investigated. Pd/α-Al2O3 
and Pd/γ-Al2O3 were prepared in order to study the influence of the support. 
The influence of the size and the shape of Pd particles on the selectivity into 
lactitol will be described. The last section of this chapter will be devoted to 
the use of ruthenium as active phase on boron nitride as support.  
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 This chapter is an extract from a publication in “Catalysis Today (2014) 
in press” [333]. 
VI.1. Introduction 
 In this chapter, we will focus our attention on the comparison between 
both oxidation and hydrogenation of lactose with Pd/h-BN catalysts. This 
support was never used before for lactose hydrogenation but Pt-Sn/h-BN and 
Pt/h-BN catalysts were employed for the hydrogenation of crotonaldehyde 
[254,258]
. The inertia of the support was highlighted in previous works: Lin et 
al. have shown that BN has very weak interactions with Pt in catalytic 
oxidation of methanol and benzene [256,321]. They have found that the surface 
of h-BN is, in general, bonded more weakly to Pt particles than γ-Al2O3 
support for example. Because of this weaker bonding between the support 
and Pt particles, the latter stay more easily in reduced states. The reduced 
states of Pt particles on Pt/h-BN cause a weaker Pt–O bond on the surface of 
Pt particles to supply more reactive oxygen atoms and thus promote the 
oxidation reaction considered [321]. Moreover, BN is hydrophobic in 
opposition with alumina for example. These characteristics can induce 
differences in terms of catalytic performances in selective transformations 
[254]
.  
 
 The principal aim of the present chapter is to evaluate the potential of 
BN as a support in the hydrogenation of lactose and, in addition, to 
understand the needs in terms of structural properties to obtain an optimal 
activity and selectivity in lactitol, in direct comparison with the well-studied 
oxidation of lactose into lactobionic acid [319,324]. 
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VI.2. Results and discussion  
 Pd/h-BN catalysts have been synthesized by wet impregnation (WI) and 
aqueous impregnation (AI). Two catalysts were prepared on γ-Al2O3 and α-
Al2O3 in order to compare the influence of the hydroxyl groups on the 
activity/selectivity in the reaction considered. Ru/h-BN catalysts have been 
prepared in order to compare the potential of Ru as active phase with Pd. 
The catalysts were characterized by XPS, TEM, powder XRD and CO 
chemisorption. They were tested in a batch reactor in lactose hydrogenation. 
The details of the synthesis methods, the catalytic testing conditions and the 
characterization techniques employed are described in Experimental part 
(Chapter VIII – sections VIII.5, VIII.6.2 and VIII.7). The reaction mixtures 
were analyzed by HPLC using two columns in order to detect and separate 
all the possible by-products (conditions described in chapter VIII – section 
VIII.6.3). Indeed, in the hydrogenation of lactose into lactitol, many by-
products can be obtained: lactulose, lactulitol, lactobionic acid, sorbitol, 
glucose, galactose and galactitol (Figure VI.1). As lactulitol was not 
commercially available, an experimental test of hydrogenation of lactulose 
was carried out in order to identify with certainty the corresponding HPLC 
peak. In the case of Pd/h-BN catalysts, we had always the reaction pathways 
restricted to those surrounded by a square on the scheme. So, only lactulose, 
lactulitol and/or lactitol were formed. The latter species is the most desired 
one. In general, lactulose is formed at pH > 10 and it results from lactose 
isomerisation. However, it was also observed that at temperatures superior to 
110°C, lactulose and its hydrogenated product, lactulitol were formed [95,96]. 
A blank test has been carried out starting from lactose with the support alone 
and no lactose conversion was observed.  
Chapter VI: BN as support for lactose hydrogenation 
 
227 
 
 
Figure VI.1: Lactose hydrogenation reaction showing all the by-products that 
can be formed (adapted from [40]). The square highlights the products that we 
observed in this work. 
 The catalytic results from lactose hydrogenation are expressed in terms 
of yield in the corresponding product (Yproduct, %), lactose conversion 
(Xlactose, %) and selectivity (Sproduct, %). Lactitol is noted LAH in the present 
chapter. These parameters were calculated according to the following 
equations: 
   Y product (%) = (
engagedlactose
product
n
n ) *100 
   X lactose (%) = (
engagedlactose
convertedlactose
n
n
 ) *100 
Chapter VI: BN as support for lactose hydrogenation 
 
228 
   S product (%) = (
lactose
product
X
Y ) *100 
 
VI.2.1. Pd/h-BN catalysts prepared by WI with Pd(OAc)2(NHEt2)2 
as precursor 
 Pd/h-BN catalysts were prepared by wet impregnation with a precursor 
that had given the best results in oxidation [324] by varying the synthesis 
solvents. The characterization results are reported in Table VI.1.  
 
Table VI.1: Catalysts prepared by WI with Pd(OAc)2(NHEt2)2 as precursor and 
formalin as reducing agent  
Code 
Pd loading 
(wt.%) 
Solvent 
Pd/Ba 
Exp/calc 
XRD 
(nm) 
Pd disp. 
(%) 
WI-h 5.00 H2O n.d 19.4 4.03 
WI-i 4.99 Acetonitrile 1.8 17.9 2.82 
WI-j 4.67 Acetone 1.3 32.4 2.74 
WI-k 4.99 CH3OH-H2O 1.1 10.1 4.35 
WI-l 4.99 Toluene 0.9 17.8 4.03 
WI-m 2.00 CH3OH-H2O 1.6 No p. 4.97 
WI-n 1.01 CH3OH-H2O 1.7 No p. 3.06 
WI-o 2.00 Toluene 1.2 No p. 4.32 
WI-p 1.00 Toluene 2.4 No p. 4.64 
a
 Determined by XPS 
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 All the catalysts of this series present a palladium dispersion value 
around 4 %. The evolution of respectively lactitol yield, lactose conversion 
and lactitol selectivity with time are presented in Figure VI.2, VI.3 and VI.4. 
The lactitol yields obtained for the 5 wt. % Pd catalysts are, except for WI-i, 
situated between 5 and 10 % after 1h reaction (Figure VI.2).  
 
Figure VI.2: Evolution of YLactitol (%) with time (h) for Pd/h-BN catalysts 
prepared by WI with Pd(OAc)2(NHEt2)2 
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Figure VI.3: Evolution of X Lactose (%) with time (h) for Pd/h-BN catalysts 
prepared by WI with Pd(OAc)2(NHEt2)2 
  
 The catalytic performances of these catalysts after 1h are presented in 
Table VI.2. The catalysts exhibiting similar lactose conversions will be 
compared. WI-h and WI-n present a lactose conversion around 40 % and 
similar selectivity and lactitol yield. In these two cases, Pd loading and 
synthesis solvent do not influence the performances. WI-i and WI-j have 
identical lactose conversion but WI-i is much more selective. WI-k, WI-m 
and WI-p present lactose conversion around 30 %. WI-k, containing more Pd 
than the two others, is more selective towards lactitol. For these three 
samples, the higher the Pd/B atomic ratio (determined by XPS) the lower the 
yield and selectivity in lactitol. This indicates that large particles are more 
adequate for the selective transformation of lactose into lactitol. Concerning 
WI-l and WI-o, prepared in toluene, to decrease Pd loading from 5% to 2% 
does not affect much the catalytic performances. In all cases, when the 
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catalysts are not selective towards lactitol, it is due the formation of lactulose 
by isomerisation and its further hydrogenation into lactulitol. For WI-i the 
high selectivity obtained after 1h reaction drops with time because the yield 
in lactulose which can be easily reduced into lactulitol increases dramatically 
after 2h (Figure VI.5).  
 
Table VI.2: Catalysts prepared by WI with Pd(OAc)2(NHEt2)2 as precursor and 
formalin as reducing agent (t = 1h) 
Code 
Pd loading 
(wt.%) 
Pd disp. 
(%) 
X Lactose 
(%) 
Y LAH 
(%) 
S LAH 
(%) 
WI-h 5.00 4.03 39.7 4.85 12.2 
WI-i 4.99 2.82 26.8 22.3 83.5 
WI-j 4.67 2.74 28.0 4.70 16.8 
WI-k 4.99 4.35 31.5 9.30 29.4 
WI-l 4.99 4.03 13.9 1.40 10.1 
WI-m 2.00 4.97 32.1 5.55 17.3 
WI-n 1.01 3.06 44.4 4.29 9.66 
WI-o 2.00 4.32 10.0 0.00 0.00 
WI-p 1.00 4.64 30.2 1.81 6.31 
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Figure VI.4: Evolution of S Lactitol (%) with time (h) for Pd/h-BN catalysts 
prepared by WI with Pd(OAc)2(NHEt2)2 
 
Figure VI.5 : Lactulose yield evolution with time for the catalysts prepared by 
wet impregnation with Pd(OAc)2(NHEt2)2 as precursor 
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 For the 5 wt.% Pd catalysts prepared in different solvents, the yield in 
lactitol is not very strongly influenced by the hydrophobicity of the 
impregnation medium by opposition to the observation made for the 
oxidation reaction. Indeed, in Chapter IV [324] we observed that an optimum 
in YLBA was reached in the case of the catalyst prepared in a water/methanol 
mixture (Figure VI.6). Here, for the hydrogenation reaction, an optimum is 
not clearly identified when plotting YLAH as function of dielectric constant of 
impregnation medium. This might indicate that lactose hydrogenation is less 
structure sensitive than lactose oxidation. It should be noted however that the 
catalyst prepared in acetonitrile stands out here. 
 
 
Figure VI.6 : Influence of the impregnation solvent on the catalyst activity in 
oxidation (LBA = Lactobionic acid) at t = 4h and in hydrogenation (LAH = 
Lactitol) at t = 1h 
(The dielectric constant values of the solvents were found in the literature [325] and the 
dielectric constant value of the water/methanol mixture is based on a theoretical study [326]) 
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 TEM images were taken for WI-k, WI-l and WI-i synthesized in 
respectively water/methanol, toluene and acetonitrile (Figure VI.7). It is 
striking that the microstructure of the catalysts obtained is very different 
from one case to the other, differing only by the impregnation solvent.  
 
 
 
 
 
 
 
 
 
 
 
Figure VI.7: TEM images of (a) WI-k, (b) WI-l and (c) WI-i synthesized 
respectively in water/methanol, toluene and acetonitrile 
 
(a) (b) 
(c) 
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 WI-l displays at the surface of the support many small particles and this 
catalyst gives the lowest lactitol yield and one of the lowest conversion of 
this series. As for the oxidation reaction [324], it seems that small particles 
play a detrimental role in the catalytic activity. Indeed, in the case of WI-k, 
larger particles homogeneous in sizes are observed at the surface and even 
though the lactitol yield is not very high, the lactose conversion remains 
acceptable. WI-i, the best catalyst of the series in terms of selectivity and 
lactitol yield shows a different particle shape at the surface of the support. It 
this case, the majority of the particles have a triangular pyramid shape. This 
might be associated with higher crystallinity. It seems that when the 
precursor is very soluble in the preparation solvent (as in water/methanol 
mixture), there is no physical contact between the precursor and the support 
before the activation step resulting in the fact that the precursor is deposited 
on the support only when the reducing agent is added to the suspension. 
Thus, bigger agglomerates with (hemi-)spherical shapes are obtained on the 
support. However, in other solvents such as in toluene and acetonitrile, in 
which the precursor is less soluble, some Pd atoms might interact with the 
support before reduction and act as nucleation sites on the support to 
facilitate particles growth leading to different shapes and sizes. In addition, 
formaldehyde is a “soft” reducing agent, kinetically slow and thus particles 
have more time to nucleate and become crystalline.  
 
 Figure VI.8 presents XRD diffractograms of WI-k prepared in 
water/methanol mixture and WI-i prepared in acetonitrile. It shows that WI-i 
has thinner peaks than WI-k proving that it is more crystalline when 
triangular pyramid particles are present on the surface of the catalyst. The 
recyclability of WI-i was tested and after a second run, the lactose 
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conversion was 50 % after 1h reaction, leading principally to the formation 
of lactulose and lactulitol. The XPS results for all the catalysts analysed after 
being tested in the reaction showed a marked decrease in Pd/B atomic ratio 
meaning that sintering phenomenon occurred during the test. Indeed, 
because no functions are present on boron nitride, the sintering is probably 
more pronounced in such high pressure and high temperature conditions than 
during oxidation, and more pronounced than for supports with surface 
oxygenated functions. This sintering, and thus the obtention of bigger 
particles at the surface, has a positive effect on lactose conversion but not on 
selectivity. It should be noted that if the catalysts get restructured during 
catalytic tests, the characterization data obtained ex situ before the start of 
the reaction are not really relevant for the actual active species during some 
tests. 
 
Figure VI.8: XRD diffractogram of WI-k (in blue) and WI-i (in green) 
prepared respectively in water/methanol and in acetonitrile (inset = zoom on 
peaks at 40°) 
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 All the catalysts in Table VI.1 and VI.2 thave their Pd/Bexp/calc ratios 
(measured by XPS) close to 1, expect for WI-p. The Pd/Bexp/calc ratios 
determined by XPS for WI-p is twice the ratio of WI-o meaning that, for the 
former catalyst, there is more Pd available at the surface for the sugar during 
the reaction and indeed, the conversion after 1h is much higher in this case.  
VI.2.2. Aqueous impregnation (AI): Pd(NO3)2 as precursor  
 In this section, Pd/h-BN catalysts were synthesized with Pd(NO3)2 as 
precursor by aqueous impregnation following a literature procedure 
described by Postole et al. [253]. Different reduction conditions were used and 
thermal activation was preferentially applied even though a catalyst was 
reduced chemically with NaBH4 for comparison. All the catalysts contained 
1 wt.% of Pd except AI-c and AI-d which were loaded with respectively, 
about 3% and 5% of Pd (Table VI.3).  
 
Table VI.3: Pd/h-BN catalysts prepared by AI with Pd(NO3)2 
Code Reduction conditions Pd (wt.%)a 
AI-a NaBH4 1.06 
AI-bb 1 h - 200°C 1.05 
AI-cb 1 h - 200°C 3.12 
AI-db 1 h - 200°C 5.20 
AI-ec 0.5 h - 200°C 1.09 
AI-fc 2 h - 200°C 1.09 
 a
 Pd loading determined by difference after atomic absorption analysis of the synthesis filtrates 
 b H2       c H2(5%)/Ar(95%)  
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 Here the dispersion values are higher and more variable than with WI. 
All the catalysts presented in Table VI.4 have similar lactose conversion 
(Figure VI.9). AI-c and AI-d containing respectively 3 and 5 wt.% Pd exhibit 
the same lactitol yield and selectivity after 1h meaning that the loading of Pd 
for these catalysts do not influence at all the catalytic performances.  
 
Table VI.4: Pd/h-BN catalysts prepared by AI with Pd(NO3)2 (t = 1h) 
Code 
Pd disp. 
(%) 
XRD 
(nm) 
Pd/Ba 
Exp/calc 
XLactose 
(%) 
YLAH 
(%) 
SLAH 
(%) 
AI-a 9.70 no p.d 4.7 47.7 3.87 1.85 
AI-bb 15.2 17 3.5 41.5 5.62 13.5 
AI-cb 10.9 15 3.2 38.5 9.96 25.9 
AI-db 10.0 16 3.0 40.3 11.5 28.4 
AI-ec 12.9 no p.d 3.1 39.1 4.80 12.3 
AI-fc 8.87 14 2.8 45.8 0.00 0.00 
a
 Determined by XPS      
b H2 
c
 H2(5%)/Ar(95%)          
d The peaks were lost in the background noise 
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Figure VI.9 : Lactose conversion (%) evolution with time (h) for aqueous 
impregnation catalysts 
 
 The lactitol yields obtained are mostly inferior to 10 % except for AI-c 
and AI-d (Figure VI.10). For these two catalysts, the selectivities in lactitol 
obtained are quite high compared to the others (Figure VI.11). These are the 
two samples of the series containing more Pd than the others described in 
this table.  
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Figure VI.10 : Lactitol yield (%) evolution with time (h) for aqueous 
impregnation catalysts 
 
 
Figure VI.11 : S Lactitol (%) evolution with time (h) for aqueous impregnation 
catalysts 
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 As it was the case for the wet impregnation catalysts prepared with 
Pd(OAc)2(NHEt2)2, it seems that the higher the Pd loading, the higher the 
lactitol selectivity. In the case of AI-f, the yield and the selectivity in lactitol 
are equal to zero and the conversion is due to apparition of lactulose and 
lactulitol. The lactitol selectivity of the catalysts prepared by aqueous 
impregnation decreased clearly with increasing conversion. Again here, 
when the lactose conversion is better, the by-product formed is preferentially 
lactulose which transforms into lactulitol instead of lactitol (Figure VI.1).  
 
 The lactose conversions are in a general much higher for the aqueous 
impregnation catalysts than for the wet impregnation catalysts described in 
section VI.2.1 in connection to their higher dispersions. Selectivity in lactitol 
is always lower for the AI catalysts because lactose is preferentially 
transformed into lactulose and then into lactulitol. The production of 
lactulose during hydrogenation reaction can be a little surprising given that 
in general, this isomerisation reaction takes place in basic media. In our 
reaction conditions, when lactose is tested alone for 4h in homogeneous 
phase without catalyst, it remains intact, no lactulose is formed. Thus, in our 
conditions, this isomerisation appears in the presence of a catalyst. This by-
product has been reported by other authors with pH control during the 
reaction, at temperatures higher than 110°C [95,96]. The same observation was 
made in glucose hydrogenation at acidic pH. In this case, fructose was 
formed by isomerisation [48]. In addition, the reaction pathway could be 
influenced by the molecule configuration and its orientation when adsorbed 
on the active phase. Indeed, according to Heyns et al. [347], axial OH-groups 
in pyranose systems are oxidized preferentially compared to equatorial ones. 
Even though this was shown to be playing a role on substrate reactivity for 
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oxidation reactions, it could influence also the chosen pathway in 
hydrogenation reactions. Moreover, the reactivity will depend on particle 
size and shape. If we compare WI-i prepared by WI in acetonitrile with AI-d 
prepared by AI in water, the latter presents spherical particles instead of only 
triangular pyramid particles for WI-i (Figure VI.13). WI-i presented the 
highest selectivity in lactitol. The pyramidal particle shape could be more 
appropriate for lactose hydrogenation to lactitol instead of the isomerisation. 
Besides, the pH of lactose and lactitol aqueous solutions (10 mmol.L, at 
25°C) are respectively 6.2 and 7.1. Lactitol formation could render the 
medium slightly basic facilitating lactulose isomerisation to occur. A control 
of the pH all over the test should be set up in order to have more 
informations to study the exact reaction mechanisms.  
 
 
Figure VI.13: TEM images of (a) WI-i and (b) AI-d 
 
 In all cases, the selectivity is better at low level of conversion. It seems 
that a higher Pd loading is better to obtain catalysts more selective in lactitol. 
In addition, the particles must not be too small to obtain active catalysts. 
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Concerning the palladium dispersion, a low dispersion is required to obtain 
more selective catalysts towards lactitol as product. Finally, all the catalytic 
tests filtrates have been analyzed by AAS and no Pd losses were observed. 
 
 From a mechanistic point of view, lactose oxidation and hydrogenation 
reactions are connected. On the one hand, we have an oxidative 
dehydrogenation mechanism followed by the oxidation of the adsorbed 
hydrogen with dissociatively adsorbed oxygen [38,117] and on the other hand, 
it is a direct hydrogenation reaction mechanism. Some elementary steps of 
the two reactions are identical as for example the chemisorption of H atoms. 
If the particles are too small, they present many facets and defects which 
mean lots of edges and corners at their surface rendering them very reactive 
towards H chemisorption. Thus, the H atoms are very well adsorbed on the 
metallic surface and the small particles are rapidly poisoned by these H 
atoms and become non-reactive for the reaction, especially in hydrogenation 
because the concentration of H2 is very high. In the oxidation reaction, in 
which the only H atoms present come from the dehydrogenation of the 
sugar, the small particles do not permit the adsorption of the sugar. Indeed, it 
was shown in our previous work that too small particles are detrimental for 
the oxidation reaction [15]. The catalyst with very small particles is not very 
active in lactose hydrogenation either. In the case of the more selective 
catalyst of this work in the hydrogenation reaction, the particles present a 
particular shape: triangular pyramid particles. This shape seems to be well 
adapted and this could be due to, on the one hand, a good proximity of sugar 
and H atoms and, on the other hand, to the orientation taken by the sugar 
when adsorbed on this particular particle. It is just a hypothesis and a deepest 
investigation of this reaction should be made by studying the influence of 
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catalysts composed of particles varying sizes and with different shapes and 
their impact on the selectivity. This would permit to understand clearly the 
mechanism of all possible hydrogenation reactions starting from lactose.  
 
 In order to determine if lactitol hydrogenation was reversible, a test was 
carried out starting from lactitol in the oxidation conditions described in the 
previous chapters and no lactitol conversion was obtained at all. Another test 
starting from LBA in hydrogenation conditions was carried out and it was 
entirely consumed to the products: lactitol, lactulitol, sorbitol and galactitol. 
These results show clearly that the oxidation reaction is reversible while 
hydrogenation reaction is not. Even though similitudes can be found in both 
reactions as mentioned above, the observations and conclusions drawn for 
lactose oxidation can not be transposed for lactose hydrogenation. Much 
more work would be needed to get full picture in hydrogenation.  
 
VI.2.3. Influence of the support  
 Three catalysts supported on γ-Al2O3, α-Al2O3 and h-BN were prepared 
by wet impregnation with Pd(OAc)2(NHEt2) in water/methanol mixture. The 
major differences between the supports are the amount of hydroxyl groups 
(following the decreasing order γ-Al2O3 > α-Al2O3 > h-BN) at the surface 
and the porosity of the support (following the same order). 
Pd(OAc)2(NHEt2)2 was chosen here because it gives better results than the 
other precursors used in this work. The solvent mixture water-methanol was 
chosen because it presented a good compromise in terms of support 
suspension and precursor solubility. 
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 The catalytic performances of these catalysts are presented in Table 
VI.5. The lactose conversion after 1h and TOF values are the lowest for 
gamma alumina as support while alpha alumina and boron nitride give 
similar conversion results. The lactitol yield does not differ much by varying 
the support by opposition to lactitol selectivity which is the highest for 
gamma alumina. It seems that the selectivity is less sensitive to the support 
nature in this reaction than in the case of the oxidation reaction. As a 
reminder, in this latter transformation, the hydroxyl groups present on 
alumina played a detrimental role for the selectivity [319,324]. Here again, BN 
is a plausible alternative for alumina, with similar performance, and room for 
improvement. The problem here is not a consecutive reaction that need to be 
avoided, hence the detrimental role of functions that allow the sugar to 
remain longer on the surface and become further oxidized, but the possibility 
of a competitive reaction in parallel. It seems therefore logical that the 
selectivity cannot be finely tuned using the same parameter. Again, more 
understanding of the factors favouring hydrogenation over isomerisation 
would be needed to optimise the selectivity in lactitol.  
 
Table VI.5: Activities in LAH for catalysts prepared by WI in H2O-CH3OH on 
various supports (t = 1h) 
Code 
Pd 
(wt.%) 
Pd disp. 
(%) 
X Lactose 
(%) 
Y LAH 
(%) 
S LAH 
(%) 
TOFa 
(s-1) 
Pd/γ-Al2O3 4.95 4.78 22.6 9.00 39.8 0.0245 
Pd/α-Al2O3 4.96 2.64 33.1 6.50 19.8 0.0712 
Pd/h-BN 4.99 4.35 31.5 9.30 29.4 0.0372 
a
 TOF = 
)time.dispersion.Pdmol(
)lactoseconvertedmol(
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VI.2.4. Ruthenium as active phase for lactose hydrogenation 
 As mentioned in Chapter I, lactose hydrogenation is usually carried out 
with Pd, Pt, Au and Ru as active phase. It was shown in the literature that Ru 
was the most active metal to carry out this reaction. However, a deactivation 
phenomenon appears quickly [96].  
  
 Several Ru/h-BN catalysts have been synthesized by deposition-
precipitation (DP) and wet impregnation (WI) in order to obtain various 
structural characteristics. A commercial Ru/C catalyst was also used 
(Ru_com), for comparison. The prepared catalysts are summarized in Table 
VI.6. During the wet impregnation syntheses, an important loss of Ru was 
observed when acetonitrile was used as solvent. The catalysts prepared in 
water did not undergo any metal losses.  
 
Table VI.6: Catalysts prepared with Ru as metallic active phase 
Code 
Synthesis 
method 
Synthesis 
solvent 
Ru (wt.%) 
engaged 
Ru (wt.%) 
AAa 
Ru_com commercial 5.00 - 
Ru_DP-1 DP H2O – Na2CO3b 0.97 0.83 
Ru_DP-2 DP H2O – Na2CO3 b 4.79 4.63 
Ru_WI-1 WI H2O 0.99 0.99 
Ru_WI-2 WI H2O 4.69 4.69 
Ru_WI-3 WI CH3CN 0.95 0.31 
Ru_WI-4 WI CH3CN 4.97 1.68 
a
 Ru loading determined by difference after atomic absorption analysis of the synthesis filtrates 
b
 Solution of Na2CO3 (2.5 wt.%) 
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 The Ru supported catalysts have been tested in lactose hydrogenation 
reaction and the catalytic performances obtained after 1h reaction are 
presented in Table VI.7. For all the samples, lactose conversion is relatively 
high and reaches most of the time around 90 %. It can be observed that the 
higher the Ru loading, the higher the conversion of lactose after 1h. In order 
to compare more correctly the catalytic performances, lactitol yields have 
been normalized by the amount of active phase (mass of Ru in grams) 
engaged in the catalytic reaction (Figure VI.14). Ru_DP-1 and Ru_WI-3 
give the best Ru efficiency in lactitol hydrogenation. However, the 
selectivity of these two catalysts is not very high.  
 
Table VI.7: Catalytic performances of Ru supported catalysts in lactose 
hydrogenation (t = 1h) 
Code X Lactose (%) Y Lactitol (%) S Lactitol (%) 
Ru_com 96.9 42.7 44.1 
Ru_DP-1 82.7 31.0 37.5 
Ru_DP-2 94.4 43.7 46.3 
Ru_WI-1 75.5 19.6 26.0 
Ru_WI-2 97.7 63.4 64.9 
Ru_WI-3 83.8 14.9 17.8 
Ru_WI-4 89.9 27.8 31.0 
 
 Globally, Ru/h-BN catalysts are more active than the commercial Ru/C 
material. The selectivity in lactitol is always higher than for Pd/h-BN 
systems except in one case: 83.5 % of selectivity was reached for Pd(5 
wt.%)/h-BN prepared in acetonitrile. By opposition to Pd/h-BN catalysts, the 
Ru-h-BN catalysts give quite high selectivity in lactitol at high conversion 
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rated. This means that Ru is more suited than Pd to avoid isomerization and 
favor hydrogenation. This might be surprising because Pd is known to be 
more efficient for H2 chemisorption.  
 
 
Figure VI.14: Normalized yields in lactitol for Ru supported catalysts (t = 1h) 
 
 The Ru catalysts have been characterized by XPS before and after being 
tested (Table VI.8). For the commercial catalyst, the atomic Ru percentage 
and Ru/C ratio increased significantly after the catalytic test. This might be 
due to a re-dispersion of the particles during the reaction leading to a better 
distribution of the metallic phase. Concerning Ru/h-BN catalysts, no 
correlation can be highlighted between the XPS data and the catalytic 
performances.  
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Table VI.8: XPS results of Ru supported catalysts before and after test 
Code 
XPS before test XPS after test 
At. % Ru (Ru/B,C)*100 At.% Ru (Ru/B,C)*100 
Ru_com 0.053 0.109 9.70 12.1 
Ru_DP-1 1.052 2.243 0.479 0.984 
Ru_DP-2 0.221 0.493 2.279 5.082 
Ru_WI-1 0.097 0.197 0.552 1.557 
Ru_WI-2 2.360 6.440 1.708 5.020 
Ru_WI-3 1.358 3.149 0.478 0.977 
Ru_WI-4 2.976 7.981 2.076 4.617 
 
 The catalysts Ru_WI-2 and Ru_WI-4 have been characterized by TEM 
(Figures VI.15 and VI.16). Ru_WI-2 presents a higher selectivity towards 
lactitol than Ru_WI-4. Ru nanoparticles are organized differently than the Pd 
nanoparticles on boron nitride. Indeed, in some locations, the particles 
agglomerated in lines. On Ru_WI-4, it is obviously observed that the 
particles are mainly located on the edges of the support (Figure VI.16). The 
particles are slightly bigger in Ru_WI-2 than in Ru_WI-4.  
 
 Kuusisto et al. studied the hydrogenation of lactose over different Ru 
based catalysts: Ru(5 wt.%)/C, Ru(5 wt.%)/SiO2, Ru(5 wt.%)/TiO2, Ru(5 
wt.%)/Al2O3, Ru(5 wt.%)/MgO and Ru(3 wt.%)/HPS. They have obtained 
the best catalytic performances with a commercial Ru/C catalyst which gave 
100% lactose conversion and 98.1 % of selectivity after 2h30 reaction. 
However, after all the catalytic tests, Ru leaching has been observed [96]. In 
our case, no leaching of Ru for the Ru/h-BN catalysts was found by atomic 
absorption in the catalytic filtrates after the reaction.  
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Figure VI.15: TEM images of Ru/h-BN prepared by WI in water (Ru_WI-2) 
  
Figure VI.16: TEM images of Ru/h-BN prepared by WI in acetonitrile 
(Ru_WI-4) 
 
 It could be interesting to prepare Ru/h-BN catalysts presenting particles 
with various sizes and shapes in order to understand how these two 
parameters influence the conversion and the selectivity. Ru could be used as 
active phase of alumina or carbon support. Moreover, the Ru based catalysts 
could be tested starting from each compound in order to see if Ru is more 
adapted to a specific transformation. In addition, bimetallic systems 
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composed with Pd and Ru as active phase could be prepared and tested in 
order to study the influence on the selectivity. Other ruthenium precursors or 
different preparation methods could be employed to compare the appearance 
of the metallic particles at h-BN surface support.  
VI.3. Conclusions 
 Boron nitride supported Pd catalysts were prepared by wet 
impregnation (WI) in various solvents or by aqueous impregnation (AI) 
followed by thermal activation. Lactose conversions are in general higher for 
the AI catalysts but lactose is preferentially transformed into lactulose 
followed by lactulitol instead of lactitol. Lactulose is interesting as well 
because as mentioned in the introduction part, it has many applications in 
food and pharmaceutical industries and moreover, it can be extracted from 
the reaction mixture and then purified [92,93]. In all cases, the selectivity in 
lactitol is higher at low lactose conversion level. It was also shown that the 
activity and selectivity in lactitol are influenced by the Pd loading, the 
particle shape and size on the surface of the support. Indeed, a higher Pd 
loading is better to obtain higher lactitol selectivity. The palladium 
dispersion required has to be lower than 5 % to obtain a good selectivity.  
 
 In the previous chapters, it was shown that too small particles are 
detrimental for the lactose oxidation reaction. In the case of lactose 
hydrogenation, these particles are also undesired because they present many 
defects at the surface rendering them more reactive towards H atoms 
chemisorption. Thus, these small particles are poisoned and become non-
reactive for the reaction considered. Here, it was shown that too small 
particles give a poor lactose conversion.  Concerning the particle shape, the 
Chapter VI: BN as support for lactose hydrogenation 
 
252 
triangular pyramid particles seem more adapted to obtain selective catalysts. 
The proximity of sugar and H atoms adsorbed on these shaped particles 
could play a positive role for the obtention of lactitol in addition of sugar 
adsorption that could be well oriented to obtain this reaction. Samples 
presenting various sizes and shapes should be prepared and tested in order to 
relate these parameters to a preferred pathway in the reaction scheme 
considered. Finally, the best catalysts obtained in oxidation reaction do not 
stand out in hydrogenation reaction. This is related to the different 
mechanisms of both reactions. Indeed, even though similarities exist because 
lactose oxidation is an oxidative dehydrogenation reaction, this latter is 
clearly reversible, while lactose hydrogenation is not. Moreover the reaction 
scheme and in particular the competitive reactions governing selectivity are 
different.  
 
 In the case of Pd/h-BN catalysts, it was shown that lactose 
hydrogenation is carried out via the path lactose/lactulose to lactitol/lactulitol 
(Figure VI.1). Concerning Ru/h-BN catalysts, the transformation is taking 
both possible paths. Indeed, the presence of glucose, galactose and their 
hydrogenation products (sorbitol and galactitol) has been detected by HPLC. 
The selectivity in the desired product, lactitol, is generally quite high when 
ruthenium was used as the active phase. Even though in the literature a 
higher lactitol selectivity and lactose conversion were reached, they have 
observed each time Ru leaching and the presence of lactobionic acid, 
lactulitol, galactitol and sorbitol in their reaction filtrates [96]. The results 
presented in this Chapter are only preliminary and there is still room for 
improvement. The way forward could be the preparation of bimetallic Pd-
Ru/h-BN catalysts, keeping in mind that conclusions reached in lactose 
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hydrogenation cannot be transposed to lactose hydrogenation in terms of 
catalysts requirements. 
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 VII.1. Conclusions 
 In this work, selective transformations of lactose over heterogeneous 
catalysts have been investigated. The catalysts were composed of Pd, Au or 
Ru as active phase and two forms of alumina (alpha and gamma), carbon 
xerogels, carbon black and mainly boron nitride as supports. The main 
objective was to explore the structural properties of the catalysts required to 
carry out selectively both oxidation and hydrogenation of lactose. The 
former was investigated in more details than the latter.  
 The first part (Chapter II) consisted in the study of catalysts prepared by 
covalent grafting or anchoring of metallic complexes on gamma alumina and 
carbon xerogels. In the literature, most of the described processes used to fix 
the metal precursor onto the support are poorly defined and too often 
unappropriated. The first objective of this Chapter was to develop a 
methodology to prove that grafting or anchoring actually occurred. 
Concerning the preparation of catalysts on γ-Al2O3, the direct grafting of Pd 
complexes onto hydroxyl functions present at the surface of alumina was 
proven. Anchoring via amine-bearing silanes previously grafted on the γ-
Al2O3 support was also successful. Suitable conditions were found to graft 
and anchor Pd complexes. Grafting was successful for [Pd(CF3CO2)2(bipy)] 
on calcined alumina and for [PdCl2(PhCN)2] on two different treated 
aluminas. Indeed, PdII was present at the surface after the syntheses. Some 
other samples were prepared by anchoring of Pd complexes on alumina 
functionalized with two different silanes. The anchoring was proven to take 
place for catalysts prepared in acetone. The catalysts prepared on carbon 
xerogels consisted in grafting Pd(OAc)2(NHEt2)2 on five xerogels with 
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different porosity, by using the surface oxygen groups as anchors. Again, the 
grafting was shown to occur by a ligand exchange mechanism keeping Pd in 
its +II oxidation state.  The second objective was to study the influence of 
the physico-chemical characteristics of these catalysts and prior supports 
functionalization on the catalytic performances in lactose oxidation. From 
these two studies, similar trends appeared and the same conclusions could be 
extracted. In both cases, it was shown that the catalysts prepared on 
unmodified support always exhibited the highest activity and selectivity in 
lactobionic acid (LBA). The low amount of surface acid functions was 
shown to influence positively the selectivity in LBA. Even though support 
functionalization is often used in heterogeneous catalysis to increase metallic 
dispersion, it does not have a positive impact in lactose oxidation. 
 
 Given that selectivity is a key point in heterogeneous catalysis in both 
fundamental research and industrial applications, the support employed to 
carry out oxidation of lactose, in light of the observations described above, 
was chosen to be more inert and presenting no functions at its surface: boron 
nitride. In Chapter III, we showed that BN is a promising support to replace 
alumina or carbon for lactose oxidation. The selectivity in LBA was 100 % 
in all cases. This robust and non-porous support was shown to be 
advantageous to avoid internal diffusion limitations when carrying out 
catalysis in water. Moreover, the absence of hydroxyl groups on its surface 
permits to limit side-reactions and guarantees high selectivity together with 
stabilization of the metal in its reduced form. In the literature, this support is 
employed essentially in gas phase because of its high thermal resistance but 
it was shown here that it can be used with success in liquid phase proving 
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that sometimes, we need to dare going out of the beaten path to reveal the 
potential of unexpected materials.  
 
 After demonstrating the great superiority of boron nitride in lactose 
oxidation, we studied the influence of particle size distribution within Pd/h-
BN catalysts on their performance (Chapter IV). Very active and selective 
catalysts were obtained by wet impregnation (WI) and aqueous impregnation 
(AI) using respectively Pd(OAc)2(NHEt2)2 and Pd(NO3)2.H2O as precursors. 
It was shown for the WI catalysts loaded with 5 wt.% of Pd, that the 
hydrophobic/philic character of the solvent employed during impregnation 
influences greatly the particle size obtained after activation. The higher the 
hydrophobicity of the solvent, the lower the Pd particle size. By decreasing 
the metal loading, no real effect appears in water/methanol but the amount of 
particles smaller than 3 nm was shown to increase for the catalysts prepared 
in toluene. Concerning the catalysts prepared by aqueous impregnation, the 
activation step influences the particle size distribution. The ideal catalyst for 
this reaction was found to present metallic particle sizes between 3 and 15 
nm and no particles inferior to 3 nm. These, when present in more than 10 % 
of the total, were shown to be detrimental for lactose oxidation. The metallic 
dispersion has to be comprised between 4 and 8 %, confirming the structure-
sensitivity of this reaction.  
 
 After unravelling the structural needs of Pd/h-BN catalysts for the 
selective oxidation of lactose, gold was chosen as active phase (Chapter V). 
Pd and Au might not have the same mechanisms and the conclusions made 
for Pd/h-BN can not be transposed as such for Au/h-BN catalysts. Gold is  
known for its surprisingly high activity in heterogeneous catalysis, the 
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objective was to combine the high activity of gold with the promising h-BN 
support in order to optimize the catalytic performances in this reaction. After 
1h reaction, the prepared Au/h-BN catalysts were more active than all the 
Pd/h-BN materials described in this thesis and were even competitive with 
the best Au supported catalysts reported in the literature. The influence of α-
Al2O3, γ-Al2O3 and Cblack as supports for Au has been compared to h-BN. 
Au/α-Al2O3 was the most active. The recycling was studied with the Au 
catalysts. During their first run, they all demonstrated 100 % selectivity 
toward LBA. However, after a second run, Au/γ-Al2O3 exhibited selectivity 
inferior to 100 % and all presented a loss of activity. A regeneration step was 
carried out for Au/α-Al2O3 and Au/h-BN in order to recover the 
effectiveness of the fresh catalysts. Thermal regeneration permits to keep the 
catalysts active with 100 % selectivity. Au oxidation state was not affected 
and the catalyst supported on boron nitride presented the highest activity 
after regeneration which was ascribed to the more facile poison removal 
from its surface.  
 
 Finally, the hydrogenation of lactose was studied (Chapter VI). Lactose 
conversions were in general higher for the AI catalysts but lactose was 
transformed preferentially into lactulose followed by lactulitol instead of 
lactitol. In general, the selectivity in lactitol decreased when the conversion 
increased. It was also shown that a higher Pd loading permits to obtain 
higher lactitol selectivity. The objective was also to determine if it is 
possible with a same catalyst to carry out two transformations starting from 
lactose: oxidation and hydrogenation. In both cases the particles inferior to 3 
nm were detrimental for the reactions. These particles present many defects 
at their surface rendering them more reactive towards H atoms 
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chemisorption which act as poisons. The particle shape appeared to influence 
hydrogenation activity because the triangular pyramid particles seemed more 
adapted for high activity and selectivity. This could be due to the proximity 
of sugar and H atoms adsorbed on these pyramidal particles. It could favour 
the direct pathway lactose to lactitol. The best catalysts obtained in lactose 
oxidation were not the more active and selective in lactose hydrogenation 
relating the different mechanisms of both reactions. Indeed, even though 
similitudes exist in both reactions, the former was clearly shown to be 
reversible while the latter was not. Thus, the conclusions reached in lactose 
oxidation cannot be transposed to lactose hydrogenation in terms of catalysts 
structural requirements. For the Pd/h-BN catalysts, it was shown that lactose 
was transformed via the path lactose/lactulose to lactitol/lactulitol. Ru/h-BN 
have also been prepared and it was shown that in this case, the 
transformation is taking both possible paths leading to a lactitol selectivity 
lower than with Pd as active phase. Moreover, Ru/h-BN are inactive in 
lactose oxidation. These catalysts are less active than those described in the 
literature, however, no leaching was observed in our case. 
 
 The most important things to remember from this work will be pointed 
here. For lactose oxidation, the support employed does not need to be 
functionalized. Indeed, the support has to be inert, non-porous and without 
any functional groups at the surface. Boron nitride was shown to be a 
suitable support for this reaction, even though it is carried out in liquid 
phase, because it avoids diffusional limitations. Palladium as active phase 
was able to selectively transform lactose but the particle size distribution has 
to be comprised between 3 and 15 nm without any particles smaller than 3 
nm. Gold permits to obtain higher activity than palladium but was not able to 
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transform lactose by hydrogenation, by opposition to Pd. In addition, strong 
deactivation of Au/h-BN catalysts was observed, which could be partially 
suppressed by regeneration. For hydrogenation, similar particle sizes are 
needed with a particular particle shape to obtain high selectivity in lactitol: 
pyramidal particles. Pd/h-BN catalysts can transform in water a renewable 
substrate, lactose, into high added value products: lactitol and lactobionic 
acid with very high selectivity and reusability. 
  VII.2. Perspectives 
 At the end of this work, some prospects can be highlighted. Even 
though the oxidation of lactose has already been widely studied in this work, 
it would be interesting to investigate the influence of particle shapes on the 
catalytic performances in this reaction. The particles could be prepared by 
the method of Hsin-Lun Wu et al. consisting in the synthesis of colloidal Au 
or Pd particles that are cubic, dodecahedral or octahedral [334] followed by 
addition of this colloidal solution to h-BN by dry impregnation.   
  
 The recycling of the catalysts is not optimal as described in Chapter V 
and it would need more investigations. The decrease of lactose conversion in 
a second run is due to a catalyst deactivation. In order to regenerate the 
catalysts in an optimal way, it is important to understand the real reasons of 
catalyst deactivation. In our case, no leaching was observed but some 
sintering or re-dispersion was identified for some catalysts. It could be 
interesting to understand by which mechanism the particles are growing or 
shrinking during a catalytic test in order to prevent this kind of deactivation. 
In addition, a very probable poisoning of the surface seems to appear but it 
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has to be investigated further. The poisoning effect could be checked by 
adding the poison at the beginning of the test (lactobionic acid for example) 
and ckeck if the yield changed. TGA, in situ Raman spectroscopy or SIMS 
analyses could be carried out in order to identify clearly the types of poisons 
present at the surface after the catalytic tests. Other regeneration treatments 
could be proposed such as different reducing gas, temperature or duration of 
reduction. Concerning Pd/h-BN catalysts, it would be interesting to test a 
catalyst in oxidation reaction and then use it in lactose hydrogenation (or 
vice-versa) in order to see if the surface could be cleaned off by the other 
reaction. Ideally, in situ TEM or electron tomography could be employed in 
order to understand what happened at the catalyst surface during a test. The 
distance between the particles might also play a role for sugar 
transformations and could be deeply analyzed by these techniques in 
addition of the modification of support morphology and particle size. The 
obtention of Au/h-BN samples presenting different very narrow particle size 
distributions could be prepare to demonstrate the particle size effect.  
 
 A mechanistic study could be carried out for the reactions in our 
conditions. Indeed, in the literature, there is some debate about the exact 
mechanism of lactose transformation. For lactose oxidation, a 
dehydrogenation mechanism is generally accepted but some questions 
remain without answers. Concerning the role of oxygen for example, it was 
shown that no labeled oxygen (18O) was incorporated into the products and 
that oxygen acts in the removal of adsorbed H [37,38]. H218O could be used as 
solvent in order to see if some oxygen is incorporated in the final product 
proving that hydration plays an important role. The concentration of oxygen 
could be varied as well and a test without any oxygen could be carried out to 
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prove that the reaction requires at least a small concentration to remove the 
adsorbed hydrogen coming from lactose dehydrogenation. Concerning 
lactose hydrogenation, the reaction should be studied by controlling the pH 
all over the test. The kinetic constants could be determined for lactose 
hydrogenation with respect to all the possible products. By varying the 
temperature, activation energy could be determined following Arrhenius 
equation.  
  
 Concerning Au supported on boron nitride, the obtention of a very 
narrow particle size distribution could be envisaged by preparing samples 
with different preparation methods in order to demonstrate particle size 
effect. The preparation of bimetallic systems could be envisaged such as for 
example Au-Pd/h-BN for lactose oxidation or Ru-Pd/h-BN for lactose 
hydrogenation in order to determine if the activity and/or the selectivity 
could be enhanced. The addition of Bi as a promoter could be tested. Indeed, 
it was shown that in glycerol or glucose oxidation for example, it permits to 
limit parallel reactions [56-58,197]. The catalysts described in this work could be 
employed in other sugars transformations such as glucose, maltose, xylose or 
sorbose oxidation for example. Gas phase reactions could also be applied 
thanks to the stability of h-BN against thermal variations.  
 
 The effect of the support shape was not studied here but it would be 
interesting to use various kinds of supports such as boron nitride nanotubes, 
nanofibers or even pellets that are maybe more adapted for industrial 
applications. In addition, a fixed bed reactor could be envisaged in order to 
measure the potential of an eventual industrial application of our catalysts. 
The use of boron nitride with a higher surface area could be envisaged for 
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the preparation of noble metal catalysts. In addition, the more porous boron 
nitride support could be employed for application in gas phase for reactions 
such as propylene or methane oxidation.  
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VIII.1. Syntheses of the catalysts presented in Chapter II 
– Pd catalysts on functionalized supports – 
VIII.1.1. Palladium supported catalysts prepared by grafting and 
anchoring of metal precursors on γ-Al2O3 
VIII.1.1.1. Materials 
The support used is a gamma-alumina (γ-Al2O3) treated from its 
commercial form (Alfa-Aesar, 110 µm, 99.99 %). The support was either 
dried at 150 °C under vacuum for 16h (noted γ-Al2O3-d), or calcined in an 
oven at 550 °C under air for 16h (noted γ-Al2O3-c).  
The metallic precursors used have been chosen in function of their 
grafting possibilities: palladium (II) acetylacetonate Pd(acac)2 (Aldrich 99 
%), bis(trifluoroacetato)(2,2’bipyridine) palladium (II) Pd(CF3CO2)2(bipy) 
(synthetized as described in [335], palladium (II) trifluoroacetate Pd(CF3CO2)2 
(Aldrich 97 %), bis(benzonitrile)dichloro palladium (II) PdCl2(PhCN)2 
(Aldrich 95 %), and palladium (II) acetate Pd(OAc)2 (Rocc, Pd: 47.27 %).  
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VIII.1.1.2 Syntheses of Pd/γ-Al2O3 catalysts by direct grafting on the 
support surface 
a) Mechanical mixture and wet impregnation (WI) 
In a general procedure, 0.5 g of γ-Al2O3 were suspended with the 
metallic precursor (amount corresponding to 5 wt.% Pd in final catalyst) in 
25 ml of solvent. The mixture was ultrasonicated for 30 min. The suspension 
was stirred for 24h at RT before being dried under vacuum in the case of the 
mechanical mixture and filtered for the wet impregnation. The solid was 
analyzed by Raman spectroscopy and the filtrate (for WI) by atomic 
absorption spectrometry (AAS). The mechanical mixtures were prepared by 
stirring the support (γ-Al2O3-d or γ-Al2O3-c) with the precursor in a medium 
in which the precursor was not soluble: pentane (VWR, 99.7 %) or heptane 
(Acros Organics, + 99%). The wet impregnation method was performed by 
stirring the support and the precursor in a solvent in which the latter was 
soluble. All the prepared catalysts were activated in a tubular oven at 200°C 
for 1h under hydrogen. The activated catalysts were analyzed by XPS.  
b) Wet impregnation under inert atmosphere  
All these catalysts were synthesized under oxygen-free argon atmosphere 
using Schlenk techniques. 0.5 g of γ-Al2O3 (dried or calcined) were treated 
under vacuum overnight. Under inert atmosphere, the palladium precursor 
(amount corresponding to 5 wt.% Pd loading in final catalyst) was added 
together with 25 ml of solvent previously degassed. After 2h reflux, the 
orange solution was filtered and the solid washed with 50 ml of solvent. The 
solid was analyzed by Raman spectroscopy and XPS. The filtrate was 
Chapter VIII: Experimental Part 
 271
evaporated under vacuum and analyzed by Raman but also dissolved in 
nitric acid to be analyzed by AAS. The prepared catalysts were reduced 
under hydrogen at 200°C for 1h in a tubular oven.  
VIII.1.1.3. Catalysts synthesized on functionalized γ-Al2O3 support by 
anchoring 
a) Support functionalization 
For some catalysts, a preliminary functionalization step [336-338] was 
carried out in order to allow anchoring of the precursor on alumina. The γ-
Al2O3 was dried at 100°C under vacuum for 1h followed by addition of one 
of the two selected silanes: 3-aminopropyltriethoxysilane (Acros Organics, 
99 %) which will give the support noted γ-Al2O3-1N (Figure II.7) and N-[3-
(trimethoxysilyl)propyl] ethylenediamine (Acros Organics, 97%) which 
gives the support noted γ-Al2O3-2N (Figure II.8). In a typical experiment, 3 g 
of dried alumina (γ-Al2O3-d) were treated under vacuum for 30 min. Under 
inert atmosphere, 3.2 ml of aminopropyltriethoxysilane or of N-[3-
(trimethoxysilyl)propyl] ethylenediamine and 50 ml of dried toluene were 
added. After 90 minutes stirring, a fraction of 10 ml (containing toluene and 
ethanol) was removed by distillation. Then, 1.6 ml of the corresponding 
silane and the amount of toluene corresponding to the amount removed 
earlier were added. The heating and distillation sequences were repeated 
twice before keeping the reflux overnight under inert atmosphere. The solid 
was filtered out and washed with 50 ml of dichloromethane, then further 
washed in a Soxhlet apparatus during 24h (12h with 180 ml of 
dichloromethane and then 12h with 180 ml acetone). 
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b) Anchoring on the functionalized support 
The anchoring reactions started from the functionalized supports γ-
Al2O3-1N and γ-Al2O3-2N. Al2O3-d was also used as such to provide blank 
references. The solvents used are acetone (VWR, 99.9 %) and ethanol 
(VWR 99.9 %). In a typical experiment, 1 g of alumina was treated under 
vacuum for 30 minutes. Under inert atmosphere, the corresponding amount 
of palladium precursor (5 wt. Pd % in the final catalyst) and 25 ml of solvent 
were added to the flask. After 4h stirring at RT, the solution was filtered. 
The light yellow solid was washed with 50 ml of solvent and analysed by 
Raman spectroscopy and XPS while the filtrate was analyzed by AAS. The 
prepared catalysts were reduced under hydrogen at 200°C for 1h in a tubular 
oven. 
VIII.1.2. Palladium supported catalysts prepared on 
functionalized carbon xerogels
 
VIII.1.2.1. Materials  
 The carbon xerogels were synthesized according to the literature [245] 
and as described below. Aqueous organic gels were synthesized by 
polycondensation of 9.91 g of resorcinol [Vel, 99%] solubilized in 18.8 mL 
of water, with 13.5 mL of formaldehyde [Aldrich, 37% in water, stabilized 
with 10–15% methanol], in the presence of sodium hydroxide [Sigma, 97%] 
to adjust the pH, a crucial variable in the control of textural properties (Table 
II.12). After gelation, the samples were dried by evaporation under vacuum 
and pyrolyzed in order to obtain carbon samples of different porosities. The 
carbon xerogels were then ground and sieved to keep only the fraction of 
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granulometry at 50–100 µm. These were submitted to oxidation treatment (i) 
in the liquid phase with HNO3 [Acros, p.a.] of various concentrations (with 
25 or 50 mL of solution for 1 or 2 g of carbon xerogel, respectively) at reflux 
(around 120°C) for 24 h, then filtered out, washed on a Soxhlet apparatus for 
24 h and dried under vacuum in an oven at 50°C for 4 h, or (ii) in the 
gaseous phase in an oven at 350°C for 3 h under an air flow of 0.4 L/min 
with a heating rate of 10°C/min [339]. The oxidized carbon xerogels were then 
stabilized in a tubular oven at 500°C for 8 h under nitrogen flow with a 
temperature raise of 100°C/h.  
 Carbon xerogel-supported palladium catalysts were prepared using 
carboxylate palladium complexes as precursors. The selected complex was 
synthesized as reported in the literature [148,316,335]: 
diacetatobis(diethylamine)palladium (II) [Pd(OAc)2(NHEt2)2] resulted from 
direct reaction of palladium acetate [Rocc, Pd 47.27%] with diethylamine 
[Sigma Aldrich, 98%] (yield: 76%). IR (KBr pellet): νas(COO) 1590, 
νs(COO) 1377 cm−1. TGA: anal. (calcd.): 72.4% (71.3%). Elemental 
analysis: anal. (calcd.): C: 38.64 (38.87), H: 7.57(7.61), N: 7.80 (7.56), Pd: 
27.86 (28.70) %.  
 The synthesized complex [Pd(OAc)2(NHEt2)2] was then grafted onto 
the various samples of treated carbon supports under the following 
conditions. The precursor was dissolved in distilled water and stirred with a 
fixed amount of carbon, in order to get 5 or 1 wt.% loading in the final 
catalysts, at room temperature for 24 h. The grafted materials were then 
filtered out, washed abundantly with water and dried under vacuum in an 
oven at 50 °C for 5 h or in the fume hood for 2–3 days in the case of the 
most powdery samples. The filtrates were kept for analysis by atomic 
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absorption spectroscopy. The grafted materials obtained were activated by 
heating in a tubular oven. They were heated to 200°C under a flow of nitro-
gen with a heating rate of 100°C/h, submitted for 1 h to a flow of hydrogen 
at 200°C, and finally cooled down under nitrogen. 
VIII.1.2.2. Boehm titration  
The Boehm titration method developed by Boehm et al. and recently 
standardized [312,340], was used to assess the amount of some oxygen surface 
groups on the carbon materials, namely carboxylic acids, lactones and 
phenols, since carbonyl and ether groups cannot be quantified with this 
particular procedure. This method works on the principle that these oxygen 
groups have different acidities and can be neutralized by bases of different 
strengths. Experimentally, the surface groups are neutralized by an excess of 
the selected base, followed by back titration with hydrochloric acid. In this 
study, only sodium hydroxide was used as a base, which allows the 
neutralization (hence the quantification) of the sum of all phenol, lactone, 
and carboxylic acid groups, leading to a value named “total acidity” and 
expressed in mmol/100 g of carbon. In a typical experiment, 50 mL of 
NaOH 0.05 mol/L [FIXANAL, Riedel-de-Haën] is brought in contact with 
0.40–0.50 g of carbon, and the mixture is stirred for 24 h at room 
temperature. The carbon is then filtered out, and the filtrate is titrated by 
fractions of 10 mL with hydrochloric acid, using phenolphthalein as an 
indicator. All these steps were carried out under nitrogen or argon flushing, 
using freshly distilled decarbonated water. 
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VIII.2. Syntheses of the catalysts presented in Chapter 
III 
– BN as an alternative support of Pd catalysts – 
VIII.2.1. Starting materials 
 
The supports were commercially available: alumina (γ-Al2O3, Sigma-
Aldrich, SBET ≈ 173 m²g-1) and a hexagonal boron nitride (h-BN, Sigma-
Aldrich, SBET ≈ 23 m²g-1). A batch of the alumina support was calcined in air 
at 1000°C for 24 h to give α-Al2O3 (SBET ≈ 16 m²g-1). The palladium 
precursors were sodium tetrachloropalladate (II) (Na2PdCl4, Sigma-Aldrich, 
99.99 %) and diacetatobis(diethylamine) palladium (II) (Pd(OAc)2(NHEt2)2) 
synthesized as described elsewhere [148,316,335]. 
 
VIII.2.2. Catalyst syntheses 
The palladium loading of each catalyst prepared in this section is 5 wt. 
%. 
VIII.2.2.1. Dry impregnation method (DI) 
This method consists in using the amount of solvent needed to obtain 
incipient wetness. This amount has been determined by visual observation of 
the formation of a homogeneous wetted paste for 1 g of each support: 
(Vmethanol = 700 µL for 1 g α-Al2O3 and 1.1 mL for 1 g h-BN). It corresponds 
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in both cases to about ten times the porous volume of the supports (pore 
volume of α-Al2O3 = 0.1127 cm³/g and of h-BN = 0.1419 cm³/g). 
Pd(OAc)2(NHEt2)2 was dissolved in the corresponding methanol volume and 
added dropwise to the support under constant stirring at room temperature. 
The catalyst was then reduced by thermal decomposition under hydrogen 
flow in a tubular oven (2h, 200°C). For some catalysts, the reduction step 
was preceded by calcination (under air flow, 500°C, 12 h).  
VIII.2.2.2. Deposition-precipitation method (DP)  
Pd/α-Al2O3 and Pd/h-BN catalysts were prepared by a deposition-
precipitation method following a literature procedure [65]: 2.5 g of support 
dispersed in 50 ml of a Na2CO3 2.5 wt.% aqueous solution were stirred 15 
min at room temperature. The calculated amount of Na2PdCl4 or 
Pd(OAc)2(NHEt2)2 dissolved in 25 ml of distilled water was added dropwise 
to the suspension within 30 min. After 15 additional minutes of stirring, 2.5 
g of NaBH4 in 25 ml of distilled water were added. The suspension was 
stirred for 1h at room temperature. Finally, the catalyst was filtered, washed 
with distilled water and dried for 12h at 80°C. The filtrates were analyzed by 
atomic absorption spectrometry and no losses of Pd were observed. In 
addition, all the solid samples were analyzed by ICP and the Pd wt.% was 
found to be 4.37- 4.71 in all cases except one (DP-8, Pd = 3.85 %).  
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VIII.3. Syntheses of the catalysts presented in Chapter 
IV 
– Particle size effects with Pd/h-BN catalysts – 
VIII.3.1. Materials 
The selected supports were a commercial alumina (γ-Al2O3, Sigma-
Aldrich, SBET ≈ 173 m²g-1) and a commercial hexagonal boron nitride (h-BN, 
Sigma-Aldrich, SBET ≈ 23 m²g-1). A batch of the alumina support was 
calcined in air at 1000°C for 24h to give α-Al2O3 (SBET ≈ 16 m²g-1). The 
palladium precursors were sodium tetrachloropalladate (II) (Na2PdCl4, 
Sigma-Aldrich, 99.99 %), palladium (II) acetate (Pd(OAc)2, ROCC, ≤ 99 %), 
palladium (II) acetylacetonate (Pd(acac)2, Sigma-Aldrich, 99%) and 
palladium nitrate hydrate (Pd(NO3)2.H2O, Strem Chemicals). Two other 
palladium complexes were synthesized following literature procedures [148]: 
diacetatobis(diethylamine)palladium(II) (Pd(OAc)2(NHEt2)2) and 
diacetato(1,10-phenanthroline)palladium(II) (Pd(OAc)2(phen)). 
VIII.3.2. Catalyst syntheses 
VIII.3.2.1. Wet impregnation (WI) 
In a typical experiment, 2.5 g of support was suspended in 50 mL of 
solvent and stirred for 15 min. The palladium precursor was dissolved in 25 
mL of the same solvent and added dropwise within 30 min to the support 
suspension. Then, the suspension was stirred for a further 15 minutes. The 
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catalyst was chemically reduced at 80°C by addition of 6 mL formalin 
(formaldehyde 37 wt.% aqueous solution, Sigma-Aldrich). Finally, the 
catalyst was separated by filtration, washed with the corresponding solvent 
and dried overnight. The filtrates containing potentially non-adsorbed Pd 
were analyzed by atomic absorption spectrometry. The various solvents used 
in this preparation method were: toluene (VWR, 99.9 %), acetonitrile 
(Riedel-de-Haën, ≥ 99.5 %), acetone (VWR, 100 %), or a mixture 50:50 v/v 
water/methanol (VWR, 99.9 %).  
VIII.3.2.2. Aqueous impregnation (AI) 
Pd/h-BN catalysts were also prepared by impregnation in water 
following a literature procedure [253]:  the precursor (corresponding to a 
loading of 1, 3 or 5 wt.% Pd) is introduced with 1 g of support in 20 ml 
water. The suspension is stirred for 7 h at room temperature under argon 
atmosphere. After filtering and drying overnight at 110°C, the sample was 
calcinated in air flow (500 cm³/h) at 500°C for 10h. The catalyst was finally 
reduced either chemically (with NaBH4) or thermally (H2(5%)/Ar(95%)-
0.5h-200°C, H2(5%)/Ar(95%)-2h-300°C, H2(5%)/Ar(95%)-2h-200°C or H2-
1h-200°C).  
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VIII.4. Syntheses of the catalysts prepared in Chapter V 
– Gold as active phase of supported catalysts – 
VIII.4.1. Materials 
The selected supports were a commercial alumina (γ-Al2O3, Sigma-
Aldrich, SBET ≈ 173 m²g-1) , a commercial hexagonal boron nitride (h-BN, 
Sigma-Aldrich, SBET ≈ 24 m²g-1) and a commercial carbon black (C black, 
Timcal, SBET ≈ 63 m²g-1). A batch of the alumina support was calcined in air 
at 1000°C for 24h to give α-Al2O3 (SBET ≈ 16 m²g-1). The gold precursor was 
gold (III) chroride trihydrate (HAuCl4.3H2O, Sigma-Aldrich, 99.9 %).  
VIII.4.2. Wet impregnation (WI) 
In a typical experiment, 2.5 g of support was suspended in 50 mL of 
solvent and stirred for 15 min. The gold precursor was dissolved in 25 mL of 
the same solvent and added dropwise within 30 min to the support 
suspension. Then, the suspension was stirred for a further 15 minutes. The 
catalyst was chemically reduced at 80°C by addition of 6 mL formalin 
(formaldehyde 37 wt.% aqueous solution, Sigma-Aldrich) or NaBH4 
previously dissolved (0.1 g/ml). Finally, the catalyst was separated by 
filtration, washed with the corresponding solvent and dried overnight. The 
filtrates containing potentially non-adsorbed Au were analyzed by atomic 
absorption spectrometry. The various solvents used in this preparation 
method were: acetonitrile (Riedel-de-Haën, ≥ 99.5 %) or a mixture 50:50 v/v 
water/methanol (VWR, 99.9 %).  
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 The reproducibility of Au_WI-2 was checked by preparing two 
catalysts in the same manner and they were shown to present the same 
characteristics in terms of metallic percentages at the support surface as well 
as Au/B ratio determined by XPS.  
VIII.4.3. Regeneration of the catalysts 
VIII.4.3.1. Chemical regeneration 
The catalyst was dispersed in 50 ml of water and the suspension was 
stirred for 15 minutes. A solution of NaBH4 0.1 g/mL was added and the 
suspension was stirred for 1h. The catalyst was then filtered, washed and 
dried overnight.  
VIII.4.3.2. Thermal regeneration 
The catalyst was calcinated in air flow (500 cm³/h) at 500°C for 10h. 
The catalyst was finally reduced in a tubular oven for 2h at 200°C under 
H2(5%)/Ar(95%) flow.  
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VIII.5. Syntheses of the catalysts presented in Chapter 
VI 
– BN as support for lactose hydrogenation – 
VIII.5.1. Pd/h-BN catalysts  
The Pd/h-BN catalysts presented in this Chapter have been synthesized 
by wet impregnation and aqueous impregnation by the methods described in 
section VIII.3. 
VIII.5.2. Ru/h-BN catalysts 
Ru/h-BN catalysts have been prepared by deposition-precipitation (DP) 
and by wet impregnation (WI) as described respectively in section VIII.2.2.2 
and VIII.3.2.1. The precursor used was ruthenium (III) chloride hydrate 
(RuCl3.xH2O (33.3% Ru), Acros Organics) 
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VIII.6. Catalytic reactions 
VIII.6.1. Lactose oxidation 
All catalytic tests were performed in a thermostatized double-walled 
glass reactor. The pH of the lactose solution was measured continuously by a 
combined AgCl/Ag Beckman electrode. An automatic titration device 
Metrohm 842 Titrando was used to neutralise the acids formed over time 
with KOH (Riedel-de-Haën, ≥ 85 %). Constant stirring was ensured by a 
mechanical stirrer (Heidolph RZR 2051 electronic). The experimental 
conditions used for lactose oxidation are summarized in Table VIII.1. The 
catalyst was recovered by filtration and the filtrate was analyzed by HPLC. 
Calibration curves of lactose and lactobionic acid are displayed in SI 
(Chapter IX – section IX.23) 
 
Table VIII.1: Experimental conditions used for lactose oxidation. 
 
Parameter Lactose oxidation 
Starting substrate solution 500 mL lactose 10 mmol.L-1 
Temperature 40°C 
Stirring rate 1000 rpm 
pH 9 
Basic solution to fix the pH KOH 0.1 mol.L-1 
Oxygen flow 0.5 L.min-1 
Mass of catalyst 500 mg 
Duration of a catalytic test 4h 
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VIII.6.2. Lactose hydrogenation 
The lactose hydrogenation experiments were carried out in a laboratory-
scale stainless steel batch reactor (Parr Co.) at 50 bars H2 pressure and 
130°C temperature. Constant stirring and temperature were ensured by a Parr 
reactor Controller 4848. The sugar and the catalyst were introduced into the 
reactor with 300 ml mQ water (18 MΩ at 25°C). The reactor was pressurized 
to 50 bars of hydrogen when the temperature of 130 °C was reached (starting 
time of the reaction, t0). Aliquots were taken each hour in order to follow the 
reaction by HPLC. The experiment was stopped after 4h. The conditions 
employed for lactose hydrogenation are summarized in Table VIII.2. 
Calibration curves of lactitol, lactulose, glucose, galactose and sorbitol are 
displayed in SI (Chapter IX – section IX.24) 
 
Table VIII.2: Experimental conditions used for lactose hydrogenation 
Parameter Lactose hydrogenation 
Starting substrate solution 300 mL lactose 10 mmol.L-1 
Temperature 130°C 
Stirring rate 1800 rpm 
Hydrogen pressure 50 bar 
Mass of catalyst 300 mg 
Duration of a catalytic test 4h 
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VIII.6.3. High Performance Liquid Chromatography (HPLC) 
HPLC analysis was performed on a Waters system equipped with a 
refractive index 2414 detector and a UV 2998 Photodiode array detector. To 
quantify lactobionic acid, an Aminex BioRad HPX-87C column was used, 
with CaSO4 1.2 mmol/L as eluent, a flux of 0.8 mL/min, a column 
temperature of 80°C and 10 µL of injected volume using a UV detector. To 
quantify the remaining lactose and the other sugars, which do not respond in 
UV due to absence of chromophore, a Carbohydrate Transgenomic 
CarboSep CHO682 column was used, with mQ H2O (18 MΩ at 25°C) as 
eluent, a flux of 0.4 mL/min, a column temperature of 80°C and 10 µL of 
injected volume using the RI detector. 
In the hydrogenation of lactose into lactitol, many by-products can be 
obtained: lactulose, lactulitol, lactobionic acid, sorbitol, glucose, galactose 
and galactitol. As lactulitol was not commercially available, an experimental 
test of hydrogenation of lactulose was carried out in order to identify surely 
the corresponding HPLC peak.  
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VIII.7. Characterization techniques 
VIII.7.1. Raman spectroscopy 
FT-Raman spectra were recorded on a Bruker spectrometer (type 
RFS100/S) equipped with a liquid nitrogen detector and a Nd:YAG laser 
supplying the excitation line at 1064 nm. Wavenumber calibration of the 
spectrograph was checked regularly using the S8 peaks at 219 cm-1 and 153 
cm-1. The spectral resolution was about 4 cm-1. 
VIII.7.2. Infrared spectroscopy 
The infrared spectra were taken with a FT-IR Bruker spectrophotometer 
Equinox 55. The measurements were carried out with samples containing 1 
wt.% of the sample in KBr pellets (analysis range: from 4000 to 400 cm-1). 
VIII.7.3. X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) was performed on a SSI-X-
probe (SSX-100/206) spectrometer from Fisons. The samples were pressed 
on little stainless steel cell-cups and then placed on an insulating home-made 
ceramic carousel with a nickel grid positioned 3 mm above the sample 
surface, to avoid differential charging effects: a floodgun set at 8 eV was 
used for charge stabilisation. The C1s binding energy of carbon (C-C,H) set 
at 284.8 eV was used as internal standard value. Data treatment was 
performed with the CasaXPS program (Casa software Ltd). In function of 
the catalysts analysed, the analytical peaks used were C1s, Pd3d, Ru3p, Au4f, 
Na1s, Cl2p, O1s, N1s, Al2p, F1s, and Si2s. The constraints used for 
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decomposition in the case of Pd and Au intensity ratios are described in 
Table VIII.3. 
 
Table VIII.3: Constraints used for the decomposition of Pd and Au peaks 
obtained by XPS 
Peaks 
A              B 
Intensity 
ratios A/B 
∆ (B-A) 
(eV) 
FWHM 
ratio 
Pd 3d5/2 Pd 3d3/2 1.50 5.26 1 
Au 4f7/2 Au 4f5/2 1.33 3.67 1 
 
VIII.7.4. X-ray diffraction (XRD) 
XRD analyses were performed with a D5000 Siemens diffractometer 
equipped with a copper source (λKα = 154.18 pm). The samples were 
supported on quartz monocrystals. The crystalline phases detected were 
identified by reference to the JCPDS-ICDD database. The Pd particle sizes 
were extracted from X-ray diffraction measurements by using the Debye-
Scherrer equation [327]: 
B=
cosθ s
kλ
 where:  
k = a constant taken as 1.00 here, 
λ = wavelength of X-ray radiation (CuKα = 0.1541 nm), 
s = crystalline size, 
θ = diffraction angle, 
B = line width at half maximum height. 
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VIII.7.5. Scanning Electron Microscopy (SEM) 
SEM analyses were performed on a field effect gun Digital Scanning 
Electron Microscope (DSM 982 Gemini from Leo), equipped with an energy 
dispersive X-ray system (EDAX Phoenix equipped with a Leap detector). 
The powder samples were pressed onto conducting double-face adhesive 
tape fixed onto 0.5” aluminium specimen stubs from Agar Scientific.  
VIII.7.6. Transmission electron microscopy (TEM) 
TEM images were obtained with a LEO 922 Omega Energy Filter 
Transmission Electron Microscope at 200 kV. The samples were suspended 
in hexane under ultrasonic treatment, and then allowed to settle to discard 
the biggest particles. A drop of the supernatant was deposited on a holey 
carbon film supported on a copper grid, which was dried overnight under 
vacuum at room temperature, before introduction in the microscope.  
VIII.7.7. Atomic absorption spectroscopy (AAS) 
The quantification of Pd, Au or Ru in the synthesis filtrates and the 
catalytic reaction mixtures was performed by atomic absorption analysis, 
using a Perkin-Elmer 3110 spectrometer equipped with an air-acetylene 
flame atomizer. The calibration curve (from 1 to 10 mg/L for Pd, 1 to 15 
mg/L for Au and 2.5 to 30 mg/L for Ru) were determined with standard 
solutions obtained by dilution of a commercial Pd, Au or Ru (1 g/L, Sigma-
Aldrich) solution. Hydrofluoric acid (HF, Sigma-Aldrich) was added in 
ruthenium standards in order to increase the response.  
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VIII.7.8. Thermogravimetric analysis 
The thermal analyses were performed with a combined TGA-DSC 
analyzer (SDT 2960) from TA instruments, under nitrogen flow (100 
ml.min-1), with an increasing temperature of 10°C.min-1 (analysis range: 
20°C-1100°C).  
VIII.7.9. Pore texture of the carbonaceous materials:  
The pore texture of the carbonaceous materials was characterized by 
nitrogen adsorption–desorption. The nitrogen adsorption–desorption 
isotherms were measured using a Micromeritics ASAP 2020 analyzer at 196 
°C. Before analysis, the samples (0.02-0.10 g) were degassed for 10h at 200 
°C with a heating rate of 10 °C/min under 0.133 Pa pressure. The analysis of 
the isotherms provided specific surface area calculated with the Brunauer–
Emmett–Teller (BET) equation, SBET, and the micropore volumes (VDUB, 
volume of pores of width lower than 2 nm) determined with the Dubinin–
Astakhov method, and the pore volume calculated from the adsorbed volume 
at saturation, VP. The mesopore size distribution was calculated using the 
Broekhoff-de Boer theory. In the case of samples containing macropores, the 
nitrogen adsorption technique is not appropriate for the determination of 
pore widths and pore volumes. For that reason, mercury porosimetry was 
performed on Thermo Scientific Pascal 140 and 240 porosimeters in a 
pressure range from 0.01 to 200 MPa. Analysis of mercury intrusion data 
enabled to obtain the pore volume (VHg) as well as the pore size distribution 
corresponding to pores of width > 7.5 nm. As already mentioned, both 
nitrogen adsorption and mercury porosimetry have limitations. Pore volume 
measurements by nitrogen adsorption are not accurate enough for samples 
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containing macropores (pores of width larger than 50 nm, corresponding to 
relative pressures p/p0 > 0.98 following the Kelvin equation) whereas 
mercury porosimetry is limited to pores larger than about 7.5 nm. In the case 
of samples containing macropores, the total pore volume Vv was thus 
deduced from a combination of these two techniques [341]: Vv= VDUB + Vcum < 
7.5 nm + VHg where VDUB takes into account pores of width lower than 2 nm, 
VHg is the specific pore volume measured by mercury porosimetry, and Vcum 
< 7.5nm is the cumulative volume of pores of width between 2 and 7.5 nm 
determined from the mesopore size distribution by the Broekhoff-de Boer 
theory. For samples containing micropores and mesopores only and whose 
isotherm displays a plateau at saturation, the nitrogen adsorption technique is 
sufficient for determining the total void volume; consequently, Vv and Vp are 
equal. One must note that carbon xerogels can be described as a stacking of 
microporous nodules delimiting meso- or macroporous voids, the size of 
which can be varied upon controlling the synthesis parameters [245]. As a 
result, the pore size distribution is always bimodal: the materials display 
micropores, located inside the nodules, and meso/macropores of controlled 
size corresponding to the voids between the nodules. The meso/macropore 
average width, dp, was determined from the meso/macropore size 
distribution, calculated either from nitrogen adsorption (using the Broekhoff-
de Boer theory) or from mercury porosimetry data (via Washburn’s equation 
[342]). Mercury porosimetry was performed at Liege University. 
VIII.7.10. CO chemisorption 
Metallic dispersion measurements were conducted by CO 
chemisorption also with the Micromeritics ASAP 2020 apparatus. Before 
analysis, the sample (0.3 – 0.5 g) was degassed at 200°C for 4 h with a 
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heating rate of 1°C/min under 13,300 Pa pressure. During analysis, it was 
first swept by a helium flow for 30 min at 100°C with a heating rate of 
10°C/min then heated at 350°C for 15 min with a temperature raise of 
10°C/min, before being reduced under hydrogen flow for 2 h at 350°C. 
Hydrogen was finally evacuated for 2 h and the sample brought back to 
room temperature with a rate of 10°C/min, at which point it was subjected to 
a sequence of CO pulses. The metal dispersion was calculated from the 
cumulative amount of adsorbed CO using the software provided with the 
apparatus. An adsorption stoichiometry Pd:CO of 1:1 was considered. 
VIII.7.11. Elemental analysis  
The synthesized complexes were characterized for elemental content by 
the MEDAC Ltd. Company for micro-analytical and metal analysis services 
in Egham (England). The Pd content of several catalysts was also 
determined by ICP-OES by Medac after acid digestion overnight (sample is 
first charred using hot sulphuric acid and then oxidized with perchloric acid 
to form the solution to analyze). Oxygen content (direct measure, not 
difference) was also determined by Medac on a Thermo Flash EA1112 
elemental analyzer, after pyrolysis of the sample under catalytic conditions 
that produces oxygen bound as carbon monoxide. 
 
VIII.7.12. In situ Raman experiments 
FT-Raman spectra were recorded on a Bruker spectrometer (type 
RFS100/S) equipped with a liquid nitrogen detector and a Nd:YAG laser 
supplying the excitation line at 1064 nm. Wavenumber calibration of the 
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spectrograph was checked regularly using the S8 peaks at 219 cm-1 and 153 
cm-1. The spectral resolution was about 4 cm-1. In order to make in situ 
spectroscopic measurements, the powder was placed on a sample holder 
introduced in a Specac high temperature/high pressure cell which was 
deposited on a xyz plateau manually adjustable. The R351 lense used to take 
measurements was equipped with an elliptic mirror able to deviate the 
incoming and returning laser which permits to put the sample horizontally in 
the analytical chamber. Before starting the analysis, a temperature control 
device (3000 Series High Stability Temperature controller with RS232 
Control from Specac) was connected to the in situ cell. In order to avoid any 
temperature effect on the external cell surface, a cooling water system was 
interlocked (flow = 500 mL/min). Then, under constant nitrogen flow, 
spectra were recorded regularly in order to study the reduction of the 
catalysts in function of temperature. 
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IX.1. Raman spectra of palladium precursors: (a) Pd(acac)2 (b) 
Pd(CF3CO2)2 (c) Pd(CF3CO2)2(bipy) (d) PdCl2(PhCN)2  
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IX.2. TGA of Pd complexes under nitrogen 
 
Complex 
Calculated weight loss (%) Experimental weight 
loss and Tdec (%/°C) PdO Pd 
Pd(acac)2 60 65 66.5/230 
Pd(CF3CO2)2 63 68 61/220 
Pd(CF3CO2)2(bipy) 75 78 68.2/280 
PdCl2(PhCN)2 68 72.3 53/190 
Pd(OAc)2 46 52.7 52.9/250 
Pd(OAc)2(NHEt2)2 67 71.3 72.4/175 
Pd(OAc)2(phen) 70 73.7 40/252 
 
 
IX.3. Elemental analysis of synthesized Pd complexes 
 
Complexe Element Calculated (%) Experimental (%) 
Pd(CF3CO2)2(bipy) C 34.42 35.34 
 H 1.64 1.99 
 N 5.73 5.34 
Pd(OAc)2(NHEt2)2 C 38.87 38.64 
 H 7.61 7.57 
 N 7.56 7.80 
 Pd 28.7 27.86 
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IX.4. Raman spectra of samples prepared by wet impregnation: 
(a)-1 [Pd(acac)2]/γ-Al2O3 in toluene, (a)-2  [Pd(acac)2]/γ-Al2O3 in 
toluene stirred for 24h  
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Raman shift (cm-1) Raman shift (cm-1) 
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IX.5. Raman spectra: (a) comparison of [Pd(CF3CO2)2(bipy)]/γ-
Al2O3 in acetonitrile with ultrasonic treatment (in red), with a 24h 
stirring (in blue) (b)  filtrate of [Pd(CF3CO2)2(bipy)]/γ-Al2O3 with 
24h stirring 
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IX.6. Illustration of Pd3d XPS spectra for samples containing 
mostly Pd0 or PdII 
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IX.7. Raman spectra of the reference catalysts prepared on dried 
alumina with Pd(OAc)2: (a) A-1_ref in ethanol, (b) A-2_ref in 
acetone and with Pd(CF3CO2)2: (c) A-4_ref in ethanol and (d) A-
6_ref in acetone 
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IX.8. Pore texture of the carbon xerogels 
Xerogel  VDUB  (cm³/g) 
Vp  
(cm³/g) 
Vcum < 7.5 nm  
(cm³/g) 
V Hg 
(cm³/g) 
Vv 
(cm³/g) 
A 0.27 0.60 - b n.m. d 0.60e 
B 0.29 1.10 - b n.m. d 1.10e 
C 0.24 - a 0.04 2.1 2.40 
D 0.25 - a < 0.01 c 2.0 2.20 
E 0.24 - a < 0.01 c 1.9 2.10 
 
a
 not pertinent due to the inaccuracy of the value (macroporous solids) 
 
b
 not calculated, the solid being micro-mesoporous 
 
c
 below the error limit of the device 
 
d
 not measured: since the solid is micro-mesoporous, nitrogen adsorption is sufficient to  
characterize sample porosity 
e
 equal to Vp (mesoporous solid) 
 
 
IX.9. Nitrogen isotherms of the ground carbon xerogels 
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IX.10. Evolution of the O/C surface ratio (XPS results) for 
xerogels functionalized with HNO3 before stabilization (a) or 
under air (b) in function of the total acidity (measured by Boehm 
titration): (   ) A, (    ) B, (    ) C, (    ) D, (    ) E,  
 
 
(a) 
(b) 
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IX.11. Evolution of the O/C surface ratio (XPS results) for 
xerogels functionalized with HNO3 after stabilization (a) or under 
air (b) in function of the total acidity (measured by Boehm 
titration): (   ) A, (    ) B, (    ) C, (    ) D, (    ) E,  
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IX.12. Atomic % N determined by XPS for the supports 
functionalized with HNO3 or air and stabilized 
 
IX.13. Pd/C surface atomic ratios (XPS) for the grafted samples. 
 
Code 
Pd(5wt.%) catalysts Pd(1wt.%) catalysts 
Pd/C atomic ratio 
A-acid-1.0 0.0072 0.002 
A-air 0.0045 0.0014 
B-acid-2.5 0.0047 0.0012 
C-air 0.0045 0.002 
D-air 0.0052 0.0012 
E-air 0.0023 0.0018 
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IX.14. Evolution of the activity with time for 5 wt.% Pd catalysts 
on functionalized xerogels supports, in the oxidation of lactose  
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IX.15. Nitrogen isotherms of (a) α-Al2O3 and (b) h-BN 
 
 
 
 
 
 
(a) 
(b) 
Chapter IX : Supporting Information 
 
308 
IX.16. Evolution of the activity with time for (a) WI catalysts and 
(b) AI catalysts in lactose oxidation 
 
 
 
 
(a) 
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IX.17. XPS Pd3d spectra of (a) WI-4 (b) WI-5 (c) WI-6 
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IX.18. Calculation of the specific activity 
 
In order to make comparisons with literature [65] the activity of 
several catalysts was calculated as the specific activity: 
 
Specific activity =   
substrate
time x metal
  (mmol.min-1.g-1) 
 
where:  
 
- substrate = amount of converted substrate at 10 % conversion 
- time = time when 10 % conversion was reached (in min) 
- metal = amount of the active metal in the catalyst 
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IX.19. Nitrogen isotherms of (a) γ-Al2O3 and (b) C black 
 
(a) 
 (b) 
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IX.20. Evolution of the activity with time for Au/h-BN catalysts 
 
IX.21. Evolution of the activity with time for Au_WI supported on 
various supports with 1wt.% Au 
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IX.22. XPS ratios (a) O/B (b) C/B (c) O/Al and (d) C/Al for 
Au_WI-2 (Au/h-BN) and Au_WI-8 (Au/α-Al2O3) before test, after 
one and two runs 
 
 
 
 
 
 
 
 
(b) 
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(c) 
(d) 
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IX.23. Calibration curves of (a) Lactose and (b) Lactobionic acid 
(LBA)  
(a) 
 
(b)  
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IX.24. Calibration curves of (a) Lactitol (b) Lactulose (c) Glucose 
(d) Galactose and (e) Sorbitol 
(a)  
 
(b)  
 
Chapter IX : Supporting Information 
 317
(c)  
 
(d)  
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(e) 
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